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ABSTRACT
Thermodynamic Compatibility of Polystyrene-
Poly(orothochlorostyrene) Blends
(February 1982)
Sherrie Lynn Zacharius
B.S., Ch.E., Tufts University
M.S., Ph.D., University of Massachusetts
Directed by: Professors Frank E. Karasz and William J. MacKnight
The polystyrene-poly(orthochlorostyrene) blend was studied using
cloud point determinations, equilibrium vapor sorption measurements and
inverse gas chromatography. Decahydronapthalene (decalin) was used as
the solvent for all of these techniques. The objectives were to
investigate the polymer-solvent and polymer-polymer interactions, in
order to gain a better understanding of the thermodynamic factors
controlling the compatibility of the polymer blend. Previously, the
miscibility of this blend was found to be very molecular weight
dependent
.
A generalized Fl ory-Huggins theory and the equation of state
theory have been used to evaluate the experimental data. Due to its
empirical nature, the generalized Fl ory-Huggins theory was capable of
describing the experimental data well. However, little understanding
was gained by this approach. Using the equation of state theory,
agreement between the experimental data and the theory was poor for the
polymer-solvent systems but the mixing behavior of the polymer blend
vi
was accurately predicted. As a result, the origins of niscibility and
Phase separation for the polystyrene-poly(orthochl orostyrene) blend are
better understood.
The Flory-Huggins polymer-solvent interaction, for all systems
investigated, was found to be very concentraton dependent. The
Flory-Huggins polymer-polymer interaction was found to be independent
of polymer composition, positive, and very small. Similarly, the
equation of state exchange energy parameter for the polymer blend was
small but positive. The result is a very small interactional enthalpy
contribution to the free energy of mixing. Due to this, the com-
binatorial entropy and free volume contributions play a major role in
determining the phase behavior of the polymer blend.
vi i
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CHAPTER I
INTRODUCTION
This dissertation investigates the polymer-polymer interactions
and the general phase behavior of the polystyrene (PS)/poly(o-chl oro-
styrene) (PoCIS) system. Experimental ternary solutions have been
employed for this purpose.
This work builds on that of Ryan [1]. A brief summary of his
results and conclusions will be presented in the background section of
this chapter. The next section discusses the thermodynamic theories
necessary for the understanding of the mixing phenomena of polymer
solutions and polymer blends. The last section of this chapter will
discuss the theoretical aspects of the experimental methods used in
this study.
The miscibility of polymeric mixtures is receiving much attention
as a means of developing polymer systems with specifically desired
properties. In the past, most of the polymer research was concerned
with the development of new polymers. Once considered to be rare, the
reported number of compatible polymer blends has increased
dramatically. Now, there is much activity involved in modifying
material properties by blending polylmers. Several reviews have been
published which list blends which exhibit varying degrees of miscibi-
lity [2-5]. However, the thermodynamics governing compatibility is
still not fully understood.
2Miscible as well as immiscible polymer blends have proven to be
very important in industrial applications. Some of the better known
miscible polymer blends used in industry include Noryl [polystyrene
(PS)-poly(2,6-dimethyl-l,4-phenylene oxide) (PPO)]; several high mole-
cular weight plasticizers for polyvinyl chloride) PVC) and elastomer
blends. As an example of why polymer blends are gaining importance in
industry, the Noryl blends have many advantages over the use of either
of the homopolymers alone. PPO was initially used by General Electric
Company as a high temperature polymer [6]. The addition of polystyrene
to PPO not only lowers the price of the material substantially but also
greatly reduces the processing temperature. This is because the single
glass transition temperature T
g
of the blend is between the T
g
's of the
two pure components. The introduction of PPO into polystyrene results
in a material with improved mechanical properties, PPO is stronger and
tougher than polystyrene. PPO also increases the flame retardant capa-
bilities of polystyrene.
Immiscible blends which have commercial importance include impact
polystyrene and ABS. In the case of impact polystyrene, the improve-
ment in physical properties is due to the separation of phases.
With the growing interest in industry in polymer systems con-
sisting of two or more constituents, there is a need for a better
theoretical understanding of the interactions taking place within these
systems. Towards this end, several new theories of polymer solutions
and polymer-polymer blends, as well as modifications of the older
theories have appeared in the literature. These will be reviewed later
in this chapter.
3Background
As previously stated, this work builds on that of Ryan [1].
Ryan's work studied PS/PoCIS blends a function of the molecular weight
of polystyrene. The phase behavior of the polymer blends was investi-
gated using differential scanning calorimetry to measure the T
q
of the
blends after the blends were annealed at a series of temperatures. The
enthalpy of mixing was also measured.
Small but positive values for the enthalpy of mixing were
measured. As should be expected, this measurement was found to be
independent of the molar mass of the polymers. The results of the
annealing studies were that the poly (o-chl orostyrene) blended with
polystyrene of molar mass equal to or greater than 32,400 could be
phase separated. Poly (o-chl orostyrene) blended with polystyrene with a
molar mass equal to or less than 26,700 exhibited one T
g
and could not
be phase separated.
In order to explain these experimental results, it was postulated
that blends with the higher molecular weight polystyrene have an
hourglass-type phase diagram; that is, the upper critical solution tem-
perature UCST, and the lower critical solution temperature LCST have
merged. The temperature of this merger was determined to be about
550°K. The blends with the lower molecular weight polystyrene are
single phase systems because as the molecular weight of the polystyrene
decreases, the UCST decreases and the LCST increases to the extent that
both critical points are beyond experimental detection.
4The present study has been undertaken in order to gain a better
understanding of the polystyrene/poly(o-chlorostyrene) blend. It is
desired to explore the possibilities of explaining these experimental
Phenomena using one of the various polymer solution theories whioh are
proposed in the literature. Towards this end, the interactions between
these two polymers have been measured.
Thermodynamics of Polymer-Polymer Miscibility
The purpose of this section is to briefly review the thermodynamic
theories dealing with polymer blends. No attempt has been made to make
this a complete review. The interested reader is referred to Olabisi's
book [7] or the original papers cited in this chapter. Instead, this
section will emphasize material which is necessary for the
understanding of this investigation.
Polymer solutions
. For the sake of simplicity, whenever possible,
polymer thermodynamics will be discussed for the binary system. The
stability of any binary system requires that the Gibb's free energy of
mixing be negative:
AGm = AHm - TaSm < 0 1J
and that the second derivative of the free energy with respect to some
concentration variable be positive [8]:
(5xi?)T,P>0 1-2
5A binary system exhibiting partial miscibility behavior is shown
graphically in Figure 1. Any binary system whose composition is betwen
points A and D is unstable. The total free energy of mixing can be
decreased if the system phase separates into two phases. Points A and
D represent the equilibrium composition of these two phases which have
equal chemical potentials (mathematically they share a common tangent).
If the composition of the system is between pure component 1 and point
A or between point D and pure component 2, the system is stable. Phase
separation would cause an increase in the free energy of the system and
therefore, is thermodynamically unfavored. The points represented
by compositions B and C are the inflection points of the free energy
curve. The binary compositions between A and B, and between C and D
exist in a metastable state, that is, the system is stable to small
perturbations in the environment but is unstable to large perturba-
tions. Polymer mixtures, unlike low molecular weight mixtures, may
remain in a metastable state for finite amounts of time. This is due
to their high viscosities.
The above discussion is concerned with a single temperature. If
the free energy-composition diagram is measured as a function of
temperature, the boundary between the stable and the metastable regions
is termed the binodal. The boundary between the metastable and the
unstable regions or the limit of stability is the spinodal curve. This
is shown in Figure 2. Mathematically the spinodal is easier to obtain;
it is simply the loci of the inflection points of the free energy curve
6Fig. 1. Free Energy of Mixing as a Function of Concentration in a
Binary System.
JLCST
UCST
Binodal
Fig. 2. Binary Binodal and Spinodal Curves
8Sx|2 J 1.3
The binodal is obtained by setting the chemical potential \i of each
component equal in both phases.
Ayi
1
= Ay] "
where (') and (") denote the dilute and concentrated phases,
respectively. The partial molar free energy of mixing, or the chemical
potential is calculated by taking the first derivative of the free
energy of mixing with respect to a concentration variable.
8AGM
The temperature at which phase separation first occurs as the tem-
perature is decreased is called the upper critical solution temperature
(UCST). The temperature at which phase separation occurs as the tem-
perature of the system is increased is called the lower critical solu-
tion temperature (LCST). At the UCST and the LCST the binodal and
spinodal are identical. The critical temperatures may be calculated by
Koningsveld [9] has shown that the critical point may differ from
the precipitation threshold, the maximum or minimum of the binodal, for
various molecular weight distributions. For our purposes, it is suf-
ficient to consider the precipitation threshold and the critical point
the same.
Flory-Hugqins theory
.
The Fl ory-Huggi ns theory [10,11] is based on a
simple lattice representation for polymer solutions. The entropy of
mixing is calculated on a statistical basis. The polymer chain is
divided into segments equal in size to the solvent molecule. Each
segment and solvent molecule occupies a single lattice site. There is no
change in volume on mixing. The expression for the entropy of mixing
for a binary mixture is:
ASM/R = (<j>!/r x ) In + (4>2/r 2 ) In «J>2 1.7
where ^ is the volume fraction, and is the number of segments per
chain. If component 1 is a solvent molecule then q equals unity. The
enthalpy of mixing is a van Laar-type energy term. This results in a
free energy of mixing given by the following expression:
AGM/RT = (cpi/ri) In $1 + (<j, 2 /r 2 ) In <j> 2 + X12M2 1.8
The original Flory-Huggins interaction paramter x> was considered
independent of concentration, temperature, and molelcular weight. The
chemical potential is:
Am/RT In fx + [1 - (rx/r2 )] cp 2 + xi2<j, 2 2 1.9
This theory, which does not allow for a non-combinatory contribu-
tion to the entropy, assumes that there is no change in volume and does
not consider the equation of state properties of the pure components,
has serious limitations. Experimentally, irregularly shaped binodals
and spinodals have been found as well as the existence, for most
polymer solutions, of a LCST. The Flory-Huggins theory can only pre-
dict an UCST and simple dome shaped phase diagrams.
10
Generalized Flory-Huggins theory
. Due to the inability of the Flory-
Huggins theory to adequately describe experimental data, Tompa [12] and
Koningsveld [13] have considered the interaction parameter to be an
empirical term which depends on temperature, molecular weight, and
composition. Koningsveld expresses the free enthalpy correction
paramter g,
9 = £9K* K 1.10
Assuming the temperature and concentration dependencies can be
separated
,
90 = 90,1 + 90,2/T + 90,3T + 90,4 In T 1.11
A LCST or UCST can be described depending on the sign of g 0
Irregularly shaped phase diagrams can be explained with the inclusion
of gi and g? terms. The chain length dependence is reflected in the
values of g-| and g2« This is an empirical description of the experimen-
tal data. There is no molecular interpretation of dependencies of g on
temperature, concentration, and molecular weight. Several theories
have been developed to explain the observed behavior on a more molecular
level. These include Flory's equation-of-state theory [14], Sanchez
and Lacombe's [15] lattice fluid theory, and a lattice theory proposed
by Huggins [16]. The equation-of-state theory has been used to inter-
pret the experimental results of this investigation and is the only one
of the above mentioned theories that will be discussed in detail.
Equation of state theory . The Flory equation of state theory is based
on the assumption that the degrees of freedom of a molecule in a liquid
11
can be separated into internal and external degrees of freedom. This
assumption was first made by Prigogine [17]. The external degrees of
freedom per polymer segment are less than those for a similar small
molecule. This is generally denoted as 3c (c<l ) external degrees of
freedeom. The internal degrees of freedom depend on intramolecular
chemical bond forces. The external degrees of freedom depend only on
the intermolecular forces. Each pure component is characterized by
three equation of state parameters: T*, p* vsp*, the characteristic
temperature, pressure, and specific volume. Based on these assumption,
the partition function for a system of N r-mers is:
Z (T,V) - Zint (T) • Zext 1-12
The partition function associated with the internal degrees of freedom
z int> is assumed to be density independent. It is unaffected by neigh-
boring segments in the liquid and therefore does not contribute to the
P-V-T equation of state. The external contribution is equal to
Zext = (2TTmkT/h2)3Ncr/2 g 1J 3
where
Q = Q(comb) [4tty/3(vV3 . v*l/3)3Ncr] ex p ( -E0/kT) 1.14
m is the mass of one segment; k is Boltzmann's constant; h is Planck's
constant, V is the total volume; v=V/rN is the volume per mer; v* is
the hard core volume of the mer; Q is the conf igurational integral;
Y is a geometric factor; and E0 is the mean intermolecular energy.
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The first term on the R.H.S. of equation 1.13 is a kinetic contri-
bution which is omitted in Flory's original derivation. It was added
by McMaster [18].
The resulting equation of state is
pv/f = v 1 /3/(vl/3 _ -,) _ ]f ~j 1 .15
where the tilde (~) represents reduced parameters; p=p/p*
; v=v/v*; and
T=T/T*. The three characteristic parameters, v*, p*, and T* can be
determined from the experimental values of the thermal expansion coef-
ficient a, the thermal pressure coefficient y, and the specific volume
v sp . With the aid of several combining rules, this theory is easily
adapted to mixtures. The mer volumes v-j* and V2* are chosen in such a
way that they have equal hard core volumes. The total number of volume
dependent degrees of freedom is 3?Nc, where
n
c = z <H c i 1.16
where ^ is the segment fraction of component i. The additional para-
meter C] 2 , introduced by Lin [19], which characterizes the deviation
from additivity of the number of external degrees of freedom per
segment in the mixture has been neglected here.
The characteristic pressure of the mixture is defined
P* VlPl* + ^2P2* - ^102X 12 1.17
where O2 is the surface fraction of component 2 and X~| 2 is the exchange
energy parameter for unlike interactions. The characteristic temperature
13
is obtained from
1/T* = (1/p*) C^l TiPi* + i|>2T2P2*) 1#1g
Eichinger and Flory [20] have also added an entropic correction param-
eter Q,2 to the theory in order to obtain better agreement between the
theory and experimental results. It accounts for the entropy of inter-
action between unlike segments. This is consistent with Guggenheim's
[21] contention that intermolecul ar interactions are not entirely
energetic in nature.
Using the above combining rules, the equation of state for the two
component mixture is identical to equation 1.15.
The equation for the free energy of mixing for a multi
-component
system is
AG^ = aH^ - TaS^i U g
n n
AGM/kT = Z Ni In ^ + z 3riNi(ci - c) In [(2irmikT) V2/h] +
1=1 i=l
n
3 Z ri N-jCi ln[(viV3 _ l)/(yl/3 - ])] +
1=1
n
rNv*/kT[ Z ^iPi*(vi _1 -v" 1 ) +
i=l
n j-1
Z Z YiOjUij/v - TviQii)] 1.20
j=2 i=l
The enthalpy of mixing defined as
aHm = Gm - T(9AGM/3T)
p
1.21
for a binary system this is
14
AHM = rNv*CH/lPl*(vi -1 - v-1) + ^2P2*(V2 _1 - v- 1 )
+ ^0 2 X 12/v]
If the P-V-T data are independent of molar mass then the enthalpy of
mixing is also independent of the molar mass of the polylmer. Equation
1.22 is the same for Flory's original formulation without McMaster's
modification. The additional term added by McMaster is therefore an
entropic contribution.
The chemical potential of each component in a multicomponent
system is
Ay k /kT = (3AGM/3NK ) + (9AGM/3v) (3v/3NK ) 1.23
At low pressures, the last term of equation 1.23 is very small and can
be neglected. Substitution of equation 1.20 into equation 1.23 yields
A M1 /kT In + (1 - n/r 2 H2 + 3nv 2 (q - c 2 ) ln(m 1 /m 2 ) 1/2 +
3riC! ln[(viV3 . i)/(vl/3 . i)] +
nv*/kT[p 1 *(v 1
- 1
- v-1) + 0 2 2 (X 1 2/v - Tv] Q] 2 ) ] 1.24
for a binary system.
The relation between the Flory-Huggins interaction parameter
Xi 2 anc' the exchange energy parameter X] 2 is
XI 2
= 3n(q - C2) ln(mi/m2) 1/2 + 3r-| ci /^ 2 2 )
ln[vi 1/3 _ l)/(yl/3 _ i)] + ( v*/kT^22 )
[Pl*(vr ] - v-1) +G 2 2 ( X12/^ - T7TQ12)] 1-25
Figure 3 shows the temperature dependence of x« Curve 1 shows the
Fig. 3. Temperature Dependence of the Interaction Parameter
16
contribution to x due to contact energy dissimilarities between com-
ponent
1 and component 2. This contribution is considered in both the
Flory-Huggins theory and the equation of state theory. In the absence
of specific interactions, curve 1 decreases with temperature. Curve 2
shows the contribution to x due to the equation of state parameters for
the two components. Curve 3 is the total of these two contributions.
This figure illustrates why the Flory-Huggins theory predicts only an
upper critical solution temperature and why the equation of state
theory predicts two critical points, one as the temperature decreases
the UCST and one as temperature increases the LCST. It also illus-
trates that two polymers with a specific interaction, that is a nega-
tive value for X12 , will exhibit only an LCST, curve 1 will not be
applicable in this situation.
McMaster [18] has tested the consequences of the equation of state
theory by computing binodals and spinodals for representative polymers
and then making perturbations in the properties of the polymers. In
this way, the effect of molar mass, thermal expansion coefficient,
thermal pressure coefficient, the exchange energy parameter, and the
entropic correction parameter were evaluated.
The results of his study will be summarized here.
1. Negative or very small positive values for the exchange energy
parameter X] 2 favor compatibility. Negative values result in a phase
diagram exhibiting only a LCST. Small positive values of X-j 2 result
in both an UCST and a LCST. The larger the value of X] 2 the closer the
two critical points are, eventually leading to an hourglass-type phase
d iagram.
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2. If the molar mass of one or both of the polymers is low, com-
patibility of the blend is favored.
3. If the equation of state parameters for the two polymers are
similar, the better chance the polymers have for compatibility. The
theory is most sensitive to differences in the characteristic
temperature. This is equivalent to requiring similar thermal expansion
coefficients. If the two polymers have molar masses of about 2 x 10 5
and X12=0 the expansion coefficients must be within 4% of each other in
order to achieve any significant compatibility.
4. If ai<a 2 then it is desirable to have yi>y 2 . This is the same
as saying if T]*>T 2* then it is preferable for pi*>p 2* also.
5. A positive value of the entropic parameter Q] 2 favors
compatibility. A negative value of 2 can lead to a simultaneous LCST
and UCST. Q] 2 effects the free energy of mixing in a similar manner as
X] 2 except with the opposite result for positive and negative values.
Experimental Methods for Determining Polymer-Polymer Miscibility
There is a variety of methods available for investigating polymer
blends [7,22,23]. In marginal cases, polymer-polymer systems on the
verge of compatibility, different techniques do not necessarily yield
the same results. This section will discuss only those techniques
which have been used in this investigation.
Glass transition temperature . A second order transition is defined as
the transition point where the second derivative of the free energy
with respect to temperature and pressure (coefficient of thermal
18
expansion a; compressibility 3; and the specific heat CD ), show
discontinuities. There are many similarities between a true thermo-
dynamic second order transition and the glass transition in polymers.
However, the glass transition is rate dependent. The glass transition
temperature has been viewed as a kinetic reflection of an underlying
thermodynamic phenomenon.
A very common method used to determine the miscibility of polymer-
polymer blends is by determining the glass transition of the blend com-
pared with those of the pure components. A miscible polymer blend will
exhibit a single glass transition temperature between the two glass
transition temperatures of the unblended polymers. The sharpness of
the transition will be similar to that of the unblended polymers. If
however, the polymers are on the borderline of miscibility the tran-
sition will broaden. A polymer blend which is phase separated will
exhibit two Tg's. If the polymers are totally immiscible, these Tg's
will be equal to those of the pure components. Polymers having limited
miscibility may exhibit two Tg's, one depicting a phase rich in com-
ponent 1, the other depicting a phase rich in polymer 2.
There are several theories which predict the glass transition tem-
perature of the compatible blend. These have been reviewed by Ryan [1],
Ternary solution methods . Ternary solutions, solutions consisting of
two polymers and a mutual solvent, have been used frequently in the
past to determine polymer-polymer miscibility. The addition of a
solvent reduces the viscosity of the polymer-polymer system and thus
allows experiments to be carried out in a reasonable time frame.
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In 1946 a systematic investigation of polymer-polymer compat-
ibility was conducted by Dorby and Boyer-Kawenoki [24]. Their study
involved 14 polymers and 13 solvents. Some of the conclusions of this
study and a second study [25] are summarized below:
1. Compatibility is the exception, immi scibi 1 ity is the rule;
2. When two polymers are incompatibi le in one solvent, they
are generally incompatible in all other solvents;
3. Molecular weight as well as the shape of the dissolved
molecules influences their compatibility; and
4. There is no obvious relationship between the compatibility
of two polymers and the chemical nature of their monomers.
In 1949 Scott and Tompa [12,26,27] dealt theoretically with the
ternary solution of the Fl ory-Huggins [10,11] theory. Their work links
polymer compatibility to unfavorable interactions between the two poly-
mers X23- Their treatment was based on symmetric systems, systems in
which the Fl ory-Huggins polymer-solvent interaction parameters are
equal, XI
2
=
X1 3 - However, it was assumed that the behavior of an asym-
metric system X12^X13» would be similar. The solvent merely acts as a
diluent, diminishing the number of unfavorable contacts between polymer
segments
.
More recently experimental evidence has indicated that the solvent
effect is strong [28,29]. This led Zeman and Patterson [30] and later
Hsu and Prausnitz [31] to reexamine the Scott-Tompa results. Zeman and
Patterson calculated the spinodals in the ternary system. Hsu and
Prausnitz calculated the mathematically more difficult binodals.
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Qualitatively, these provide similar phase diagrams. Both studies came
to the same conclusions. At low polymer concentrations small differen-
ces in the polymer-solvent interactions have a large effect on polymer
incompatibility. At high polymer concentrations the polymer-polymer
interaction is responsible for polymer miscibility or immi sci bi 1 ity . A
closed miscibility gap within a trianglular phase diagram is possible
when X23 is zero or even negative if there is a sufficient difference
between
xi 2 and XI 3*
These conclusions point out the necessity of examining the entire
ternary phase diagram when discussing the miscibility of polymer pairs.
Although the Scott-Tompa treatment of ternary solutions may lead to
erroneous conclusions concerning the compatibility of a polymer-polymer
pair, it is useful for calculating interaction parameters. Equation
1.9 solved for the ternary case becomes
au]/RT = In
<j>i
+ (1 - n/r2H2 + (1 - n/r3)<j> 3
1-26
+ XI 2*2 + XI 3*3 + 4*2*3 (xi2 + XI 3 - X23)
where the subscript 1 refers to the solvent and subscripts 2 and 3
refer to the two polymers. Several experimental techniques make use of
this relation as well as the corresponding relation for the equation of
state theory, equation 1.24 solved for the ternary system.
Cloud point curves . A stable homogeneous mixture is transparent.
However, a nonhomogeneous mixture will be turbid unless the components
of the mixture have identical refractive indexes [8]. If phase separa-
tion of the mixture can be brought about by variations of temperature,
pressure or composition then the point of the transition from a
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transparent to a turbid system can be measured. This transition point
is the cloud point or the point of incipient phase separation. When
this is measured for a series of compositions, the temperature-
composition plot is determined. This is the cloud point curve.
A cloud point curve is usually measured by slowly raising or
lowering the temperature of the sample. The temperature at which the
first appearance of a faint cloudiness occurs is recorded. The tem-
perature cycle is reversed and the temperature at which the faintest
opalescence just disappears is also recorded. These two temperatures
do not generally coincide. This is mainly due to kinetic reasons. In
addition, the onset of turbidity can only be observed when enough
clusters have formed to create sufficient refractive index difference
to scatter light.
Strictly, the cloud point curve is identical with the binodal only
when the components are monodisperse [9].
Vapor sorption technique
. The activity coefficient of the solvent
in a binary or ternary solution is
In a] = ami/RT 1.27
Using this equation together with equation 1.26, the equilibrium sorp-
tion of a vapor by a solid polymer blend can be used to analyze
polymer-polymer interactions [32-34]. The amount of vapor sorbed is
related to the interaction between the vapor and the blend. When this
is compared with the interaction between the vapor and each of the pure
polymers, it is possible to obtain information about the interaction
between the two polymers in the blend. Thus, it is necessary to
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perform three separate vapor sorption experiments, one with each of the
polymer components separately and a third with the blend.
Inverse gas chromatoqra^hyjTieth^. Recently, gas-liquid chroma-
tography (GLC) has been used as a convenient and rapid method for
obtaining thermodynamic data of homopolymers as well as polymer blends
[35,36]. The specific retention times of a vapor-phase probe in a
polymeric stationary phase are determined. In the case of a packed
column the polymer is coated on an inert support and placed in a
column. In the case of a capillary column it is coated on the inside
wall of the column. In both cases, a stream of an inert carrier gas is
continuously passed through the system at a known flow rate. The probe
molecules (the vaporizable solute) are introduced in a pulse.
For a binary system, where a single homopolymer is used as the
stationary phase, the infinite-dilution mole fraction activity coef-
ficient yi°° of a volatile solute is related experimentally to the spe-
cific retention volume V
g
° of the polymer through the following
equation [37-39]:
In Tl
00
= ln(273.2R/V
g
o
Pl OM 2 ) - (pi°/RT)(Bn - V] ) + ... 1.28
where p]° and V] are the vapor pressure and molar volume of the solute,
B]
i
is the gas-state second virial coefficient of the solute, and
M 2 is the molar mass of the stationary phase. Depending on the actual
experimental conditions, higher order terms may be included in equation
1.28. For the purposes of this investigation, equation 1.28 is
sufficient
.
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For the investigation of polymers, the inclusion of M2 in equation
1.28 leads to an unrealistic variation of the activity coefficient with
the molar mass. As M2 increases to infinity, the activity coefficient
would tend towards zero. Patterson [40] proposed the use of a weight
fraction activity coefficient, defined as the ratio of the activity
a! of component 1, to the weight fraction of component 1. Equation
1 .28 becomes
In S2! 00 = ln(ai/wi)~ = ln(273. 2R/V
g
°p
1
°M
1 )
-
1 29
(Pl°/RT)(Bn - Vt)
where M] is the molar mass of the solute.
The equation relating the gas chromatography quantities with the
polymer-solvent interaction given by the Fl ory-Huggi ns theory is
[35,36]
X12 = ln(273.2Rv 2/Vg 0 p 1 °V 1 ) - (1 - VVM 2 v 2 ) -
1 .30
(Pl 0/RT)(Bn - Vi)
where v 2 is the specific volume of the polymer. Using the equation of
state theory, the specific volumes in equation 1.30 are replaced with
the specific core volumes. The result is
XI 2* = ln(273.2Rv* 2/Vg 0 PT°V 1 *) - (1 - V]*7m 2 v 2*) -
1.31
(Pi°/RT)(Bn - vt)
The exchange energy parameter X] 2 is related to xi2 through equation 1.25
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The thermodynamic equations for a mixed stationary phase con-
sisting of two polymers have been derived [33]. When using the
Fl ory-Huggins theory
Xl(23) ' ln[273.2R(w 2 v 2 + w3v 3 )/Vg
o
pi
o V]
} _ (] _ _
(1 - VV3H3 - (p-| G/RT)(Bn - Vt) 1.32
where xi (23) is the interaction between the probe and the mixed column.
If the equation of state theory is employed, an equation analogous to
equation 1.31 is used, where the specific volumes v-j in equation 1.32
are replaced with hard core volumes and the volume fractions *j are
replaced with segment fractions *1a Once xi(23)> XI 2, and xu have
been determined by independent measurements, the polymer-polymer
interaction may be calculated from the following relation
XI ( 23) " XI 24>2 + XI 3+3 " ( Vl /
V
2 ) X234>2<*>3 1.33
Tait [41] has compared gas chromatography and vapor sorption tech-
niques and found very good agreement between the calculated interaction
parameters
.
CHAPTER II
EXPERIMENTAL SECTION
Introduction
The purpose of this chapter is to discuss the preparation and
characterization of the materials used, and to describe the apparatus
used and the experimental procedure followed throughout this study.
The last section of this chapter discusses the treatment of the data.
The polystyrene samples and the decahydronapthal ene have been
obtained commercially. The poly (orthochl orostyrene) has been synthe-
sized by means of a free radical polymerization and then fractionated
using a preparative gel permeation chromatograph.
Characterization information consists of number average and weight
average molecular weights as determined by gel permeation chromatog-
raphy, and glass transition temperatures (Tg) as determined by dif-
ferential scanning calorimetry. Density measurements and the deter-
mination of the cis-trans content of the decahydronapthalene are
discussed. Preparation of the polymer blends is described.
The experimental techniques discussed are differential scanning
calorimetry, cloud point determinations, vapor sorption, and inverse
gas chromatography.
Materials: Synthesis and Characterization
Polystyrene . The structure of the polystyrene (PS) repeat unit is shown
in Figure 4a. Two different molecular weight samples having narrow
25
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+ CH 2-CH2 -)-
a. Polystyrene ( PS )
"f CH 2 -CH2 ^-
b. Poly(orthochlorostyrene) (PoCIS)
i
Fig. 4. Monomer Units
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distributions were used in this study. Both samples were obtained
commercial ly
.
The lower molecular weight sample was obtained from Pressure
Chemical Company. The polystyrene is atactic batch 41220. It was
prepared by anionic polymerization. The characterization data was
provided by Pressure Chemical Company. The number average molecular
weight as determined by membrane osmometry is Mn = 15,000 ±6%. The
weight average molecular weight as determined by light scattering is
Mw = 20,400 ±6%. The molecular weight distribution by virtue of the
method of preparation and comparison with gel permeation chromatography
(GPC) data should be Mw/Mn < 1.06. The polymer was used as received
without further purification.
The higher molecular weight sample was obtained commercially from
Goodyear Chemicals. It is anionically polymerized atactic polystyrene
sample CDS-S-6. The characterization data was provided by Goodyear.
The number average molecular weight as determined by membrane osmometry
is "fin = 80,800, as determined by GPC Mn = 75,300. The weight average
molecular weight as determined by light scattering is Mw = 82,900, aa
determined by GPC Mw = 82,100. The molecular weight distribution,
Mw/Mn = 1.09. The polymer was dissolved in toluene, filtered through a
very fine sintered glass funnel, precipitated into methanol and then
dried under vacuum at 80°C for several days before being used.
Poly(orthochlorostyrene)
. The structure of the poly(orthochl oro-
styrene repeat unit is shown in Figure 4b. The polymer was synthesized
by free radical polymerization using the same technique as Ryan [1].
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The orthochlorostyrene monomer was distilled under vacuum at 60°C to
remove 3,5-di
-tert-butyl catechol, a polymerization inhibitor. The
monomer was then diluted with toluene (Burdick and Johnson, glass
distilled) to give approximately 40 mole percent toluene solution.
Azobisisobutyronitrile (AIBN) was used as the initiator. One half of a
mole percent of AIBN relative to the orthochlorostyrene concentration
was added to the toluene-monomer solution. Dry nitrogen gas was
bubbled through the reaction mixture in order to remove oxygen. The
polymerization tubes were sealed and placed in an oscillating water
bath at 60°C for 12 hours. The polymer was then dissolved in distilled
toluene to yield approximately a 4% polymer solution. This solution
was then precipitated into methanol. The solution was then precipi-
tated into methanol. The ratio of methanol :tol uene was approximately
10:1. The precipitate was filtered and dried under vacuum for 3-4 days
at 80°C.
The molecular weight and molecular distribution were determined
using a Water Associates High Pressure gel permeation chromatograph
model 201 with a differential refraction indicator. The GPC was
calibrated using anionically polymerized polystyrene strandards.
Therefore, the molecular weights reported for poly(orthochl orostyrene)
are actually "polystyrene equivalent" molecular weights. Since the
polymer being characterized is a substituted polystyrene, the true
molecular weight should be very close to the molecular weights calcu-
lated using polystyrene equivalents [1].
The number average molecular weight of the poly(orthochloro-
styrene) was "Mn = 77,700. The weight average molecular weight was
29
Mw
= 169,000. The molecular weight distribution was Mw/Mn = 2.18.
The poly(orthochlorostyene) was then fractionated using a prepara-
tive GPC, constructed at the University of Connecticut, Storrs, CT, in
the laboratories of Dr. Julian Johnson.
A three percent solution of poly(orthochlorostyene) in chloroform
was made. One hundred milliliters of solution were fractionated at a
time. The flow rate was 35.6 ml/min. A refractive index detector was
used. The time from the initial injection to the time the first amount
of polymer was eluted from the column was measured. The first fraction
was collected at this time. Each fraction was 200 ml. Fifteen frac-
tions were collected in all. Subsequent runs were collected based on
the elution time of Run 1. Seven runs or a total of 21 g of polymer
were fractionated. Like fractions were combined, i.e. fraction one
from each of the seven runs was collected together. The solvent was
evaporated off using a rotarvap. The polymer was then redissolved in
toluene, precipitated into methanol, filtered, and dried under vacuum
at 80°C for 4 days.
The number and weight average molecular weights, the molecular
weight distribution, and the weight of polymer recovered is shown in
Table 1. Fractions 1, 2, and 3 were discarded because they each con-
tained less than 0.15 grams. Fraction F was synthesized and fraction-
ated in the same manner described above by John Gilmer of the Polymer
Science and Engineering Department, University of Massachusetts,
Amherst, MA. He generously gave it to this author for use in part of
this study.
el. Gel Permeation Data for PoCIS Fractions
Unfractionated 20,200 87,200 2.86 -
Fraction 6 166,000 251 ,000 1.51 1.00
Fraction 7 148,000 220,000 1 .49 1 .59
Fraction 8 136,000 198,000 1 .46 1 .99
Fraction 9 114,000 171 ,000 1 .50 2.20
Fraction 10 100,500 147,100 1 .46 2.21
Fraction 11 78,000 116,000 1.49 1.91
Fraction 12 65,300 99,000 1.56 1 .53
Fraction 13 45,100 65,000 1.44 0.84
Fraction F 119,000 165,000 1.38
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Decahydrpnapthalene (Decalin). The decalin, obtained from Fisher
Scientific Company was refluxed over LTA1H for 3V2 hours at atmospheric
pressure and 180°C. It was then distilled under house vacuum (about 20
mm Hg) at 83°C. The decalin was stored over molecular sieves.
The cis-trans content of the decalin was determined using a gas
chromatograph.
The cis-trans content, determined by cutting out and weighing the
two peaks was determined to be 54.2% cis and 45.8% trans.
Blend preparation. Two polymer-polymer blend systems were investi-
gated. The poly(o-chlorostyrene) in both blends was the same, either
fraction #10 or fraction F. The PoCIS was blended with PS(17,000) and
it was blended with PS(80,000). The two components of each blend were
mixed in various ratios. These two binary polymer blend systems were
mixed with decalin to form the two ternary systems investigated.
All blends were prepared on a weight percent basis. Blends were
prepared in several ways. When the polymer blend was to be used in
solution, i.e. for the cloud point determinations, the two polymers
were simply co-precipitated from a 4% toluene solution into methanol.
The precipitate was filtered and dried under vacuum at 80°C for 3 or 4
days. All other blends were either freeze-dried or solvent cast.
Freeze-drying produces intimately mixed polymer systems [42].
The freeze-drying was accomplished from a 4% polymer solution in ben-
zene. Once the polymers were completely dissolved, the solution was
poured into a freeze-drying flask. The flask was then rotated in a
liquid nitrogen bath such that the frozen solution coated the walls of
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the flask. The flasks were then covered with ice and evacuated under
high vacuum 10-3 m . They were cont1m]ally eyacuated ^ % ^ ^^
The polymer blend was then dried in a vacuum oven (10 mm HG) for 3 to 4
days at 80°C.
The blends prepared by solvent casting were cast from a 4% polymer
solution in methylene chloride onto aluminum pans. The solvent was
allowed to evaporate at room temperature for several hours. The films
were then dried under high vacuum 10-4 mm Hg at 80°C for several days
in an abderhalden.
Apparatus and Experimental Procedures
Differential scanning calorimetry (DSC) . A Perkin-Elmer DSC-2 with
either a scanning autozero or a thermal analysis data system (TADS) was
used for all of the calorimetry work in this study. Typical sample
size was 5-10 mg. Heating rates of 20°C/minute were used. Tg was
taken as V2ACp. The error in this measurement is approximately ±2°C.
In addition to polymer characterization the DSC was also used to study
phase separation of the polymer blends.
A phase separated polymer system will exhibit two distinct glass
transition temperatures. An example of a thermogram of a phase
separated system is shown in Figure 5.
The DSC thermogram was determined, the sample was then held at a
certain temperature for approximately 20-30 minutes, quenched in the
DSC and then the thermogram was redetermined. The second thermogram
represented the equilibrium state of the polymer blend at the annealing
Fig. 5. Typical DSC Thermogram of a Phase Separated System
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temperature. Therefore, if the first thermogram indicated one glass
transition and the second thermogram indicated two transitions, phase
separation occurred between room temperature and the annealing
temperature.
Cloud Point Curves. These experiments determined the cloud point
curves for the two ternary systems. The cloud point temperature is the
temperature at which the onset of a haze is observable. This is indi-
cative of the fact that the system is phase separating and thus scat-
tering light.
The cloud points were determined for the following blends:
PS(1 7,500)/PoClS(1 00,000) 20/80, 50/50, 80/20, and 95/5; PS(80)/PoClS
(100,000) 20/80, 50/50, 80/20, 95/5, and 99/1. All blend compositions
are based on weight percent of the two polymers.
The polymer blends, diluted to the desired concentration with
decalin, were contained in evacuated sealed tubes containing small
magnetic stir bars. The samples were degassed before sealing. This
minimized yellowing of the solutions due to thermal oxidative
degradation. The samples were stirred and heated above the cloud point
temperature for several days to ensure equilibrium. When the samples
appeared clear and homogeneous, the temperature was slowly lowered and
the temperature corresponding to the onset of a haze was determined
visually. The measurement was repeated several times. The reported
cloud point temperature is the average of all determinations. The
average reproducibility was ±0.5°C.
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Vapor sorption measurements. This experiment determined the equilibria,
weight uptake of the polymer samples at various activities of decalin.
This gives a direct measure of the chemical potential of the system.
The three binary systems: PS( 1 7,500)/decal in
, PS(80,000)/decal in, and
PoClS/decalin were investigated separately. Six ternary systems were
investigated. Three polymer blend compositions of the
PS(17,00)/PoClS/decalin system and three blend compositions of the
PS(80,000)/PoClS/deca1in system. The blend compositions based on
weight percent were 25/75, 50/50, and 75/25 PS:PoClS.
The vapor sorption measurements were made in a McBain [43] type
balance. A schematic diagram of the apparatus is shown in Figure 5.
The sample was placed on a fused quartz sample pan which was suspended
from a fused quartz spring. The typical sample size was 10-20 mg. The
springs and pans were purchased from Worden Quartz Products, Ruska
Instrument Corporation.
Various methods of preparing the samples were investigated. The
method of choice was solvent casting from methylene chloride. This
technique provided a sample that was thin, on the order of 0.1 mm.
Samples prepared by other methods included: f reeze-dried
,
unpressed
samples; f reeze-dried , cold pressed samples; and powdered samples. The
freeze-dried unpressed samples were too fluffy to permit enough sample
in the pan. The freeze-dried cold pressed samples were too dense.
The time necessary for these samples to reach equilibrium was much
longer than for samples prepared by other technqies. The powdered
samples proved to be too difficult to load into the sample chamber.
Fig. 6. Vapor Sorption Apparatus
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The temperature of the air in the surrounding box was controlled
to 85°C ±2.0°C. The temperature of the sample chamber was controlled
by means of a circulating ethylene glycol bath to 80°C ±0.1°C. A known
vapor pressure of decalin was introduced in to the sample chamber from
the solvent reservoir and the equilibrium weight uptake of the sample
was measured. It took anywhere from 4 days to 2 weeks to reach
equilibrium, depending on the activity of the sample. When no weight
change was observed for a 24 hour period, the system was considered to
be at equi 1 ibrium.
The decalin, in the solvent chamber, was degassed to prevent
oxidative thermal degradation. The vapor pressure was determined with
a mercury manometer. The manometer was made of wide bore glass
(V2" I.D.) to minimize the effect of the meniscus. Mercury absorption
proved to be a problem, specifically with samples having a high PoCIS
content. A drop of dibutyl phthal ate was placed on top of the mercury
to prevent the absorption of mercury by the samples. The manometer and
sample displacements were read to an accuracy of 0.01 mm with a
Gaertner cathetometer. The springs were calibrated using known weights
at 80°C; thus the sample weight uptake could be determined from the
displacement measurement. The springs had an average spring constant
of 4 mm per mg. Springs having sensitivities greater than 4 proved to
be too difficult to work with.
Inverse gas chromatography . The method of gas chromatoghraphy deter-
mines the specific retention times of vapor-phase probe in a polymeric
stationary phase. This technique is used to measure the thermodynamic
interaction between the solvent and the stationary phase, and between
the two components in a binary stationary phase.
The apparatus consisted of: a capillary glass column coated with
the polymer or the polymer blend; a dual gas chromatograph
, Vari
3700, equipped with a f lame-ionization detector. A built-in controll
was used to maintain the oven at a constant temperature to within
1.0°C. The chromatograph was interfaced with an Apple II computer. A
schematic diagram of the apparatus is shown in Figure 7.
Helium was used as the carrier gas because it did not interact
with the decalin or the two polymers studied. The flow rate was
controlled by a flow meter in the chromatograph. Methane was used as a
noninteracting gas to determine the flow rate. The methane was
injected in the gas phase and time necessary for the gas to be eluted
was measured. The liquid decalin was injected using a 0.02 M l Hamilton
precision syringe. All injections were made through a silicone rubber
septum.
The columns were polymer coated pyrex capillary columns. They
were drawn using the Shimadzu glass drawing machine. The approximate
dimensions of the columns were 20 meters long with an inside diameter
of 0.8 mm.
Silanization of the column was necessary because glass columns
were used. This treatment minimizes the interaction between the probe
molecules and the glass support. There are various methods of silani-
zation [44,45]. The most effective method [46] is to wash the surface
with dimethyldichlorosi 1 ane (DMCS). The effect of silanization is to
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Fig. 7. Inverse Gas Chromatography Apparatus
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replace surface hydroxy! groups by methyl groups. This Is shown in
Figure 8.
The glass column was filled with a 50% solution of nitric acid.
The filled column was heated to 75°C for 10 hours. The column was then
flushed several times with distilled water and again with acetone. It
was then filled with a 50% solution of (DMCS) in toluene. The ends of
the tubing were sealed and the tube was heated to 110°C for two hours.
The ends were then unplugged and the solution was allowed to boil out.
It was then flushed with air and cleaned with acetone. The silanated
column was cut to the desired length.
The silanated column was coated with a 25% polymer solution in
tetrahydrofuran (THF). About 1 to 2 ml of polymer solution were intro-
duced into the column. Nitrogen gas was blown through the column at a
very slow speed. The slow speed was necessary to maintain control of
the coating fluid. Once the liquid plug had traveled the entire dis-
tance of the coiled column, the N2 pressure was increased to 20 psig.
The N2 was blown through the column for about one hour. The ripples
which were apparent when the column was first coated, quickly disap-
peared once the gas pressure was increased. After one hour, the column
was placed in an oven. With the N2 still flowing, the temperature was
increased from 30°C to 80°C at 5° intervals over a period of 21/2 hours.
The temperature was raised from 80° to 100°C over an additional two
hour period. It was necesary to increase the temperature at such a
slow rate to prevent bubbling of the polymer.
The amount of polymer in the column was determined by weighing
the empty column and the dried, coated column on a high precision,
__
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Fig. 8. Silanization of Glass Columns
analytical balance.
This method of coating the column was chosen because it was the
simplest and because the uniformity of the film thickness was not
crucial to these experiments. Macris [47] has found that the static
method of coating columns introduced by Bouche and Verzele [48] results
in a more uniform film thickness.
Three homopolymer columns were made: PS(1 7,500), PS(80,000), and
PoClS(100,000). Only the lower molecular weight fraction of PS was
blended with PoClS. This was because it is necessary to have a com-
patible blend when coating the column in order to obtain meaningful
polymer-polymer interactions [35]. It is therefore important that care
be taken when choosing a solvent for the coating procedure. The blend
column was a 50/50 mixture of the two polymers. The specific weights
and dimensions of the four columns are shown in Table 2.
A typical elution peak is shown in Figure 9.
Data Reduction
The interactions between solvent and polymer and between polymer
and polymer were determined using two different, independent experimen-
tal techniques, these were equilibrium vapor sorption studies and
inverse gas chromatography. Two theories, the Fl ory-Huggins lattice
theory and Flory's equation of state theory, have been applied to the
data from both experiments. The theories and the equations necessary
to calculate the Fl ory-Huggins interaction parameter, xij> and the
exchange energy parameter, X-jj, are discussed in Chapter I. The
e 2. Inverse Gas Chromatography Col
PS( 1 7,500)
PS(80,000)
PoCl S(100,000)
Blend 50/50
PS( 1 7,500)/PoCl S(l 00,000)
polymer
weight, g
0.166
0.218
0.227
0.183
col umn
length, cm
1766
1885.8
1919.8
1654.2
col umn
vol ume,
8.88
9.48
9.65
8.31
TIME
Fig. 9. Typical Elution Peak.
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Purpose of this section is to discuss how the parameters were calcu-
lated and what assumptions were made.
Vapor sorption experiments. The chemical potentials of the binary,
polymer-solvent system and the ternary polymer-polymer-solvent systems
were calculated using the Fl ory-Huggins theory from equations 1.9 and
1.26 respectively. The interaction parameter for the polymer-solvent
systems were calculated separately. The values of X]2 and x13 were
then used as knowns in equation 1.26 to calculate X23 .
As a first approximation, the activity of the solvent B ] is equal
to the relative vapor pressure p/p°, where p° is the vapor pressure of
the pure solvent. For this study, the approximate activities were
corrected for deviation from the perfect gas law using the following
equation
:
In a! - In (p/p°) = (p _ p°)/RT (a/RT - 3) 2.1
where a and 3 are the two van der Waals constants.
Inverse gas chromatography
. A typical chromatogram is shown in Figure
10. The retention time t R is the time the average molecule of solute
takes to travel through the column. If the elution peak is symmet-
rical, it is measured to the midpoint of the peak. The time it takes
the carrier gas or an inert gas to transverse the gas volume of the
column is t^. The retention volume Vr and the mobil phase volume
are obtained by multiplying t R and t^ by the mobile phase flow rate Q.
The adjusted retention volume Vr' is the retention attributed only to
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the stationary phase
V - vR - vM Z 2
The net retention volume VN is the adjusted retention volume corrected
for the pressure drop across the column. The pressure drop correction
factor j is less than or equal to one. For a packed column, this
correction factor may be significant, but it is extremely small in
capillary columns and has been assumed equal to unity. Thus, we have:
V N jV'R = J(Vr - VM ) 3 VR 2.3
The specific retention volume V
g
° is characteristic of a particular
solute, stationary phase and carrier gas. It is the net retention
volume at 0°C for a unit weight of stationary phase.
v o _
V N
f
273.2 i
where w
s
is mass in grams of the stationary phase. It is this quantity
which is related to many equilibrium thermodynamic properties.
Since polymers are viscous, even above their glass transition
temperature, there is a finite resistance to mass transfer. The
resulting chromatograms are asymmetrical. Therefore, it is necessary
to redefine what is meant by the retention volume of the solute. The
question then arises, 'Which point on the experimentally observed
chromatograph actually relates to the fundamental thermodynamic
parameters? 1 . Several quantities are readily calculated. Conder and
Young [49] define these as: peak maximum, the retention time of the
peak maximum, tm ; peak half-area, the retention time which divides the
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area under the peak into two equal parts, tA ; peak average, the arith-
metic mean of the peak final, t F and the peak initial, t i; and peak
tangent, the retention time of the intersection of the tangents to the
peak through the point of inflection on the leading edge of the peak,
t_, and through the point of inflection on the trailing edge of the
peak, t+. The peak initial t Is is defined as the retention time of
the intersection with the baseline and the tangent to the peak through
t_. The peak final tp, is defined as the retention time of the inter-
section with the baseline and the tangent to the peak through t+ . This
is illustrated in Figure 11.
Hicks [50] found that, theoretically, the net retention volume V N ,
measured by the above methods, i.e., VNM , V Na> Vnt , Vnif , should be
equal when extrapolated to zero flow rate. That is
V N* = VNM* = VNA* = VNT* = VNIF* 2.5
where the asterisk indicates the value extrapolated to zero flow rate.
It is necessary to extrapolate to zero flow rate to ensure that
equilibrium is obtained. This is illustrated in Figure 12. The
discrepancy between theory and experimental data becomes signficant
when diffusion into the liquid phase is slow as would be expected for
the case of a polymeric stationary phase. In order to adjust for this
discrepancy the retention volumes in this study are the average of four
net retention volumes, Vnm*, Vn/\*, V|\jj*, and V^* (Vn p is based on the
first moment of the chromatogram) . The error is considered to be bound
by the lowest and highest value of V^*. The lowest value was always
found to be V^y*, the highest value was Vn
m
*.
Fig. 11. Definition of GC Elution Peak Properties
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Fig. 12. Theoretical GC Data Extrapolated to Zero Flow Rate
51
The solvent vapor presure Pl
°
s needed to evaluate the weight-
fraction infinite-dilution activity coefficient, a-, equation 1.29
and Flory-Huggins interaction parameter Xij , equation 1.30 were calcu-
lated using Antoine's equation:
log Pi
0
= A - B/(T + C) 2>6
Values for the constants A, B, and C were obtained from data collected
by the American Petroleum Institute [51].
The second viral coefficient, Bu , also needed for the calcula-
tions of u°° and X ij has been calculated using an equation proposed by
Pitzer and Curl [52]
BP
where:
f(°) = 0.1 445 - 0.330/T r - 0.1 385/Tr 2 - 0.0121/(T r ) 3 -
0.000607/(T r ) 8 2. 8
f( ] ) = 0.0637 + 0.331/(Tr )2 - 0.423/(T r )3 - 0.008/(Tr )8 2.9
P
c is the critical pressure; Tc is the critical temperature; Tr is the
reduced temperature; and w is the Pitzer acentric factor or the non-
sphericity of the molecule
log P
1
°((3T
r
=0.7) - 1 .000 2.10
Equation of state parameters . The application of the Flory equation of
state theory requires the knowledge of the specific volume v S p, the
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coefficient of thermal expansion a, and the thermal pressure coef-
ficient Y
.
With the knowledge of these parameters, it is possible to
evaluate the characteristic parameters v*, p*, and T* using the
following equations:
v sp* = vsp [(1 + Ta)/(1 + 4aT/3)]3 2J]
v v sp/vsp*
T = ( VV3 _ i)/ v 4/3
T = T/T
2.13
2.14
p* = v2 Ty 2J5
P = P/P*
The P-V-T properties of polystyrene have been investigated by many
authors [53-60]. In contrast, no P-V-T data is available for poly(o-
chlorostyrene). The only available data for PoCIS is the specific
volume [61]. The equation of state parameters used for PS were those
determined by Flory [60]. The coefficient of thermal expansion and the
thermal pressure coefficient for PoCIS were estimated to be 5-6 percent
different from the values for PS. The coefficient of thermal expansion
for PoCIS was taken to be 6 percent larger than that of PS. This is
because a survey of literature values for other polymers showed that
dense polymers, those with small specific volumes, tended to have larger
coefficients of thermal expansion than those polymers which were less
dense [62-64]. The experimentally determined specific volumes show
was
that PoCIS is more dense than PS. The thermal pressure coefficient
taken to be 5 percent less than the value for PS for the same reason.
The necessary parameters for decalin were calculated using the
molecular theory of classical fluids of Sanchez and Lacombe [65] and
the densities determined by Seyer and Davenport [66]. The P-V-T data
and the characteristic parameters for polystyrene, poly(o-chl oro-
styrene), and decalin are shown in Table 3.
In addition to the equation of state data for the pure components,
the segment surface ratio Sl /s 2 , is required for the characterization
of a mixture. There are several different ways to calculate this
ratio. Flory and co-workers [67-69] have approximated a polymer mole-
cule by a cylinder with a length and volume equal to the length and
molar volume of a repeat unit, respectively. A solvent molecule is
approximated by a sphere. Another method used to calculate s 2/si is to
tabulate the group surface areas and volumes given by Bondi [70].
These two methods usually yield different values.
Flory's method, using a cylinder length of 2.5 x 10" 8 cm resulted
in a value of s 2/si equal to approximately 0.5 where decalin is com-
ponent 1 and polystyrene is component 2. The value for S3/S1 where
poly(o-chlorostyrene) is component 3 is also equal to 0.5. Bondi 's
method results in slightly larger values but both methods lead to a
calculated value of unity for S2/S3, the ratio of segmental surface
area for the two polymers. The value of 0.5 for S2/s] and S3/S7
calculated using Flory's method seems physically more reasonable than
the value calculated using Bondi 's method and was, therefore, the value
used in further calculations.
e 3. Equation of State and Characteristic Parameters
80° C
VSD
cm/g
axlO4
°
K -i cal/cm 3°K cal/crrW
T*
°K
v sp*
cm/g
decal in 1 .192 9.54 0.172 98. 56 JOUc U. y
PS 0.964 5.76 0.254 1 24.08 7802 0.818
PoCIS 0.792 6.16 0.240 119.85 7474 0.666
180°C
decal in 1 .314 12.5 0.110 98.14 5877 0.933
PS 1 .033 5.80 0.167 113.12 8541 0.846
PoCIS 0.854 6.20 0.159 109.98 8218 0.692
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The last quantity which is necessary for the full characterization
of a mixture by the equation of state theory is Xijs the exchange
energy parameter. This is a measure of the energy change upon for-
mation of contacts between unlike segments.
For the binary polymer-solvent systems, the values of X12 and
X13 were calculated using the equation of state approach with the
experimental inverse gas chromatography data. The residual chemical
potential x*» is determined from the same dependence on V
g
° as the
Flory-Huggins interaction parameter except that the hard core specific
volumes are used instead of specific volumes.
XI j* = In [RTvj*/Vg°Vi*Pl e ] - [1 - VtVMjvj*]
- (P1°/RT)(B 11 - V]) 2.17
The exchange energy parameter is then calculated from the following
expression
XI j* = 3(q - Cj) In (mi/mj)V2 + 3C] In [(v^/3 _ l)/( Vj V3 _ ])]
+ (v*/kT) tPl*(l/V1 - 1/vj) + Xij/v] 2.18
where component 1 is decalin and component j is the polymer, either
polystyrene 2, or poly(o-chl orostyrene) 3.
The energy parameter for the polymer solvent system, calculated by
the method explained above was used to evaluate the experimental data
from the equilibrium vapor sorption studies. The X<j j parameter could
be calculated directly from the inverse gas chromatography measurements
becasue the concentration of the solvent appraoches zero. Thus, the
reduced volume of the mixture v in equation 1.24 is replaced with the
reduced volume of the polymer Vj in equation 2.18. Without this
approximation, Xij cannot be directly calculated because v is a func-
tion of X^j as shown by equations 2.11 through 2.15.
The value of the energy exchange parameter for the polymer-polymer
interaction was chosen so that the calculated results for the phase
behavior and the residual chemical potential were in agreement with the
experimental results.
CHAPTER III
RESULTS AND DISCUSSION
Introduction
The purpose of this chapter is to present the results obtained
from this investigation. The results of four different experiments are
reported, these include: DSC determination of polymer-polymer
miscibility; cloud point determination for the ternary polymer-polymer-
solvent systems; inverse gas chromatography studies of the polymer-
solvent binary systems and the ternary systems; and vapor sorption
stu dies of the polymer-solvent binary systems and ternary systems.
Two polymer-polymer systems were investigated, PoCIS (100,000) blended
with PS (17,500), and PoCIS (100,000) blended with PS (80,000). The
ternary systems consisting of each of these blends with the addition of
decalin was studied as well as the three binary systems consisting of
each of the three homopolymers with decalin. Two theoretical
approaches, the generalized Fl ory-Huggi ns theory and the equation of
state theory, have been applied to the experimental data from the
inverse gas chromatography and vapor sorption studies. The results
will be discussed on the basis of each theory. All data for x and X is
contained in Appendix B.
DSC Determined Polymer-Polymer Miscibility
The composition of a polymer blend effects the glass transition
temperature of the system. When a polymer-polymer system is miscible,
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it exhibits a single glass transition temperature intermediate betwen
the T
g
's of the two pure components. When a polymer blend is immiscible,
the system exhibits two distinct y s [22], assuming that the Tg 's of
the two pure components are far enough apart to be resolved.
Ryan [1] has conducted an extensive study of polymer blend behavior
for the PoClS/PS system as a function of the molecular weight of PS.
Different molecular weight fractions were used in the present study.
The Tg's of the two blends of interest, PS(1 7, 500)/P0Cl S(l 00,000) and
PS(80,000)/PoClS(100,000), were determined for completeness.
Figure 13 is a plot of T
g
versus weight percent of PS for the
PS(17,500/PoClS(100,000) blend. The solid lines represent T
g
's calcu-
lated from the Fox [71] equation
1/Tg = wi/Tgl + w2/Tg2 3.1
where Wj is the weight fraction of component i. The blends could not
be phase separated, even when annealed at temperatures up to the decom-
position temperature of the polymers.
The blend of high molecular weight PS with PoCIS initially exhi-
bited one Tg intermediate between the Tg's of the pure components.
When the samples were scanned a second time the blends exhibited two
Tg's. The samples were prepared by f reeze-drying. It is believed that
this method of preparation causes such intimate mixing that homogeneous
blends of incompatible polymers may be prepared. Shultz and Young [72]
found this to be true for blends of polystyrene and polymethylmeth-
acrylate). Therefore, the PS(80,000)/PoCl S(l 00,000) blend is
immiscible. These results are consistent with the findings of Ryan[l].
Fig. 13. Glass Transition Temperature vs. Weight Percent PS
60
Cloud Point Determinations
The cloud point curve is identical with the binodal curve of the
system only when the polymers are monodi sperse. Koningsveld [9] has
shown the effect of polydi spersity on the shape of the cloud point
curve for various molecular weight distributions. The polymers in this
study have a narrow Gaussian molecular weight distribution. Therefore,
it is believed that while the cloud point curves measured in this study
are not actually the binodals of the systems, they give a very good
indication of the actual phase behavior.
These experiments were performed on both the high and the low
molecular weight PS blended with PoCIS and dissolved in decalin. The
results are shown in Figures 14-22. Each curve represents a constant
blend composition. Below each curve, the ternary system is cloudy,
phase separated. Above each curve, the system is homogeneous and clear
to the eye. Isothermal phase diagrams of the two systems are shown in
Figures 23 and 24. The area below each isotherm represents the regions
exhibiting phase separation, while the area above each curve represents
a single phase system. The section of the phase diagram represented is
from 0 to 20 weight percent polymer. Decalin is a theta solvent for
both polymers, and although the experimental temperature is above the
theta temperature, it was not possible to put more than 20% polymer
into solution.
Both the PS(1 7 ,500)/PoCl S( 1 00,000) system, which is compatible in
the absence of solvent, and the PS(80,000)/PoCl S(l 00,000) system, which
is incompatible in the bulk, show similar behavior in the dilute end of
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Fig. 14. Cloud Point Curve PS(1 7,500)/PoClS 95:5
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Fig. 15 Cloud Point Curve PS(1 7 ,500)/PoCl s 80:20
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Fig. 16. Cloud Point curve PS(1 7,500)/PoClS 50:50
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Fig. 17. Cloud Point Curve PS(1 7 ,500)/PoCl S 20:80
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Fig. 18. Cloud Point Curve PS(80,000)/PoCl S 99:1
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Fig. 19. Cloud Point Curve PS(80,000)/PoCl S 95:5
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Fig. 20. Cloud Point Curve PS(80,000)/PoCl S 80:20
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Fig. 21. Cloud Point Curve PS(80,000)/PoCl s 50:50
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Fig. 22. Cloud Point Curve PS(80,000)/PoCl S 20:80
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Fig. 23. Isothermal Ternary Phase Diagram PS( 1 7 ,500)/PoCl
S
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Fig. 24. Isothermal Ternary Phase Diagram PS( 80,000)/PoCl
S
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the ternary diagram. The cloud point curves for the
PS(80,000)/PoClS(100,000) system are displaced approximately 10°C
upward with respect to the lower molecular weight system.
Experimental cloud point curves with a shoulder, similar to those
presented here, have been previously reported in the literature
[73-76]. In addition, Koningsveld and Kleintjens [76] have found
experimentally a bimodal spinodal curve for a system whose cloud point
curves exhibits a shoulder. This phenomenon was not related to poly-
dispersity of the polymers. The bimodality actually tended to increase
as the polymer polydispersity was decreased [7]. The shape of this
type of experimental cloud point curve can be described by introducing
a concentration dependence into the Fl ory-Huggins interaction
parameter, i.e. using equation 1.10. Flory's equation of state theory
is also able to describe a bimodal spinodal.
It is as a result of these experiments that it was deemed
necessary to investigate the concentration dependence and the equation
of state effects of the ternary systems. Two experimental techniques
were used towards this end, inverse gas chromatography and equilibrium
vapor sopriton. The results of these experiments will be discussed in
the next sections.
Generalized Flory-Huggins Theory
Vapor sorption studies . Vapor sorption technique is used to study
the thermodynamic properties of polymer-solvent systems and polymer
blends. A polymer solvent solution is allowed to come to equilibrium
with pure solvent of known partial pressure. The equilibrium weight
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uptake is measured, thus allowing for determination of polymer-solvent
or polymer-polymer interactions by equations 1.9 and 1.26, respectively.
The vapor sorption studies were conducted on the polymer-solvent
systems and the polymer-polymer-solvent systems separately. The
results of the equilibrium vapor sorption of the homopolymers were
necessary in order to analyze the results for the ternary systems. The
results for the polymer-solvent systems will be presented first.
Polymer-solvent systems
. Two different molecular weight
polystyrene-decalin systems were investigated, PS( 1 7 ,500) and
PS(80,000). The vapor sorption measurements were made at 80°C, 353°K.
Decalin is a theta solvent for polystyrene at 19.3°C [77]. Although
the experimental temperature is above the theta temperature for the
system, decalin is still not a good solvent for polystyrene at the
experimental temperature. This is reflected in the low amounts of
vapor which the polystyrene samples of both molecular weights absorbed.
The weight of solvent absorbed as a function of the activity of the
solvent is shown in Figure 25 for PS( 1 7 ,500) . Figure 26 illustrates
the weight of solvent absorbed for PS(80,000).
The glass transition temperature is 100°C for both samples of
polystyrene. Therefore, the initial sorption measurements are for a
glassy polymer. Once a certain amount of solvent has been absorbed,
the polystyrene is sufficiently plasticized so that the experimental
temperature is now above Tg and the system is no longer glassy [78].
At this point the amount of vapor which the system absorbs increases.
This type of behavior has been reported by Krigbaum et al . [79] for
polystyrene and cyclohexane, by Hopfenberg [80] for polystyrene and
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n-hexane, and others [81-84]. Hopfenberg proposes that the phenomenon
is common to all amorphous polymer-solvent systems.
Equation 1.9 is used to evaluate the Fl ory-Huggi ns interaction
parameter xl2 from the equilibrium sorption data of the plasticized
systems. Results are shown in Figures 27 and 28 for PS(17,500) and
PS(80,000), respectively. The results for the two systems are not
significantly different for low concentrations of solvent. Once
the system is plasticized and above T
g ,
the calculated polymer solvent
interaction is still very dependent on solvent concentration. The
solid line in Figures 27 and 28 represents a linear least squares
analysis of the data. The results are
XI 2 = -1 .004-1 + 0.797 for PS( 1 7,500)
XI 2
=
-0.565<j>i + 0.688 for PS(80,000)
The experimental point at zero solvent concentration on each of these
figures has been determined using inverse gas chromatography. This
will be discussed in the next section. It has not been included in the
least squares analysis.
Vapor sorption measurements were made on the decal in/PoCl S(l 00,000)
system. Figure 29 shows the equilibrium weight uptake as a function of
solvent activity. The behavior is similar to that of the polystyrene-
decalin system. The Tg for poly (o-chl orostyrene) is 133°C. Therefore,
it is necessary for the polymer to absorb more solvent before the Tg is
depressed below the experimental temperature. This can be seen by com-
paring Figures 25 and 26 with Figure 29.
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Fig. 25. Equilibrium Vapor Sorption C-|g H18/ ps ( 1 7,500)
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Fig. 26. Equilibrium Vapor Sorption Ci 0 Hi s/PS(80,000)
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Fig. 27. Concentration Dependence of the Interaction Parameter
C 10 H 18/PS(1 7,500)
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Fig. 28. Concentration Dependence of the Interaction Parameter
C
l 0 H 1 8/ PoC1 S( 80,000)
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Fig. 29. Equilibrium Vapor Sorption C-| 0 Hi 8/PoCl S( 1 00, 000)
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Fig. 30. Concentration Dependence of the Interaction Parameter
C 10 Hi 8/PoClS(100,000)
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The Flory-Huggins interaction parameter X13 for the plasticized
system is shown in Figure 30. The solid line is a linear least squares
fit of the experimental data. The result is
XI 3 = - 1
-42<J>i + 1 .144
The xi 3 calculated for zero concentration solvent was determined from
inverse gas chromatography. It was not included in the least squares
analysis.
Polymer-polymer-solvent systems . The vapor sorption data for the
ternary systems was obtained in the same manner as for the binary
systems. Six different ternary systems were investigated;
PS(17,500/PoClS(100,000)/decalin with polymer-polymer ratios of 25:75,
50:50, and 75:25 and PS(80,000)/PoCl S( 1 00,000)/decal in with polymer-
polymer ratios of 25:75, 50:50, 75:25. The equilibrium weight uptake
for these systems is shown in Figures 31-35. The dependence of the
vapor sorption on the solvent activity is not shown for PS(80,000)/PoClS
75:25 because only one experimental point was determined.
The solid line in Figures 31-35 represents the equilibrium weight
uptake that would be expected if the two polymers were totally indepen-
dent of one another. This is the equilibrium weight uptake that one
calculates using the Flory-Huggins theory, setting the polymer-polymer
interaction X23 equal to zero in equation 1.26. For all the systems
investigated, with the exception of PS(1 7,500)/PoCl S 25:75 the
deviation from the additivity line is small but positive.
The values of X23» calculated using equation 1.26 and the pre-
viously determined values of xi 2 and XI 3 calculated from equation 1.9
Fig. 31. Equilibrium Decalin Sorption of PS(1 7 , 500) /PoCI S ( 1 00 , 000)
25:75
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Fig. 32. Equilibrium Decalin Sorption of PS(1 7 , 500) /PoCl S ( 1 00,000)
50:50
84
0.45
O
Fig. 33. Equilibrium Decalin Sorption of PS(1 7 ,500)/PoCl S(l 00,000)
75:25
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Fig. 34. Equilibrium Decalin Sorption of PS( 80,000)/PoCl S(100,000)
25:75
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Fig. 35. Equilibrium Decalin Sorption of PS(80,000)/PoClS(100,000)
50:50
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and shown in Figures 27, 28, and 30, are shown in Tables 4 and 5.
There is considerable scatter in the X23 values but certain conclusions
can be drawn. Except for the PS( 1 7 , 5000) /PoCl S 25:75 system the values
are small but positive. The value of X23 does not depend on polymer
concentration.
These results are in complete agreement with those found by Ryan
[1]. He found small positive values for the enthalpy of mixing AHM .
Subtracting equation 1.7 from equation 1.8, the expression for AHM is:
AHM
= RX23*2 <}, 3 3.2
This is for the original Flory-Huggins theory where x is independent of
T. If x is assumed to have the following dependence on T
X - a + 3/T 3.3
then
AHM = -RT>24>3 (3x/3T) p 3.4
or in Koningsveld 's notation
AHM = -RT<t> 2 <t>3 (3g/3T) p 3.5
As curve 1 in Figure 3 illustrates, the Flory-Huggins theory predicts
(3x/3T)p is always negative, therefore, AH^ is positive.
The third term in equation 1.11 is necessary in order to describe
upper and lower critical mi scibi 1 ity in the same system
X = a + 3/T + tT 3.6
When this temperature dependence holds true, x is represented by curve
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Table 4. Flory-Huggi ns Polymer-Polymer Interaction Paramter
PS(1 7,500)/PoClS(100,000) at 80°C
^ramt
%PS in Film
75
X23
0.31
0.07
0.35
0.14
50 0.04
0.23
0.23
0.08
25
-0.45
-0.08
-0.63
-0.94
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Table 5. Flory-Huggins Polymer Polymer Interaction Parameter
PS(80,000)PoClS(1 00,000) at 80°C
%PS in Film
75
X23
0.02
50 0.16
-0.04
0.02
0.05
0.12
0.03
25 0.01
0.10
0.16
0.03
0.08
0.10
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3 in Figure 3. The enthalpy of mixing can be negative because (3 x/3T) p
can be positive. This is the free volume contribution to x . In fact,
AHM will be positive below the temperature corresponding to the mini-
mum in curve 3 and negative at all temperatures above this point. This
will be discussed in greater detail later.
Ryan's measurements were made at 34.8°C and 67.6°C. The vapor
sorption measurements in the present investigation were at 80°C.
Although the sign of both (3 x/3T) p and AHM is temperature dependent,
the temperature difference between the experimental temperatures used
by Ryan and those used in this study are not significantly different
for the polystyrene/poly(o-chlorostyrene) system.
The polymer-polymer system is in the vicinity of the critical
point. This will also be discussed in greater detail later. However,
due to this fact, X23 1 s expected to be very small. Intuitively, the
reason for this can be understood if one considers the critical value
of the interaction parameter as that which can be counteracted by the
entropy of mixing. For polymer-polymer systems, the entropy of mixing
is very small, as a result the critical value of x and those close to
it are necessarily small.
A more rigourous interpretation of this phenomenon shows that the
critical value for x is [85]
X23,cr » V2(r 2"V2 - r3-V2)2 3.7
when the interaction parameter is assumed to be concentration
independent. The value of rj in eqution 3.7 is defined below
H = Vi/Vl = MiVspj/M^spj 3.8
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For most polymer-polymer systems, vsp >2,v sp^ Cm3/g, so that
X23,cr a 2/M 3>g
where
TT-V2 = ]/2(M 2-V2 + m3 -V2) 3J0
It is now easily seen that as M approaches infinity, X23jCr fast
approaches zero. Equation 3.7 is derived by applying the critical
conditions, equation 1.6, to the binary chemical potential, equation
1.9, where the binary system being considered is the polymer-polymer
system.
The assumption that the interaction parameter is independent of
polymer concentration is a reasonable assumption for this blend system.
This has been demonstrated experimentally and can be explained on a
molecular level. This will be discussed in terms of the equation of
state approach. As Figures 27, 28, and 30 show, this is not a valid
assumption for polyl mer-sol vent systems.
The negative values of X 23 for the PS( 1 7 , 500) / PoCl S ( 1 00 ,000 ) 25:75
system are attributed to experimental difficulties. The vapor sorption
measurements for the PS( 1 7 ,500)/PoCl S system and the PS(80,000)/PoCl
S
system were conducted in two different experimental set ups. Although
these were similar in design, temperature control was much more dif-
ficult in the set up used for the PS(1 7,500)/PoCl S blend. At 80°C the
vapor pressure-temperature curve is very steep. A small deviation in
temperature results in a large change in p]°.
Inverse gas chromatography . Since Smidsrtfd and Guillet [86] first
applied the technique of gas chromatography to polymer systems, the
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technique has gained wide acceptance as a means of determining polymer-
solvent and polymer-polymer thermodynamic parameters. In this study,
inverse gas chromatography has been used to study the polymer-solvent
interactions for decal i n/PS( 1 7 ,500) , decal in/PS(80,000) and
decal i n/PoCl S( 1 00,00)
.
The composition of the blend column was 50% by
weight polystyrene. The polymer blend of the higher molecular weight
PS and PoCIS was not investigated by inverse gas chromatography
because the coating on the column would have been a phase separated
system. This would lead to ambiguous results.
As discussed in Chapter II, it is necessary to extrapolate the net
retention volume to zero flow rate. This is shown in Figure 36 for the
PoCIS system at 200°C. All of the retention volume data are tabulated
in Appendix B. The results discussed in this chapter are the extrapo-
lated values. A linear least squares was used for the extrapolation.
Polymer-solvent systems . The decal in/PS(l 7,500) was studied at
170°C, 175°C, 180°C, and 185°C. The results are shown in Table 6.
Over the temperature range investigated, no temperature dependence for
Xi 2 could be determined. Lower temperatures could not be investigated
because these temperatures were too close to Tg to permit an equilibrium
measurement [36]. When measurements at higher temperatures were
attempted the polymer begain to flow and the column was plugged. The
value for *12 was determined to be 0.74. This is in excellent agree-
ment with the value determined by vapor sorption at 80°C and extrapo-
lated to zero solvent concentration. This is shown in Figure 27.
Although it is not entirely valid to compare the value of xi 2 at 80
°
c
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Fig. 36. Flow Rate Dependence of Specific Retention Volume
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Table 6. Polymer-Solvent Interaction Parameters Determined by
Inverse Gas Chromatography
Polymer T,°C
XI 2 > XI 3
PS(17,500) 170 0.75
175 0.73
180 0.72
185 0.74
PS(80,000) 185 0.68
PoCl S(l 00,000) 170 1.40
180 1.18
190 1.12
200 0.85
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with that determined at 170°C, it can be argued that Texp -T g for the
two values are of comparable magnitude.
If the T
g
of the plasticized system is computed [87]
T _ VpTg,p + *d(1 - <t>p) Tg,d
9 Vp + «d(l - 4»p) 3J1
where Tg
)P and Tg jd are the glass transition temperatures for the
polymer and diluent, respectively, and a
p
and ad are the coefficients of
thermal expansion for the two components, then the T
g
of PS with 30%
decalin is 9°C. Tg )d was approximated to be 2/3 of the melting point
of decalin. Therefore, for the X ] 2 at 30% decalin concentration,
T
e xp- Tg
=80° c -9 o C=71 °C. For the xi 2 calculated at zero solvent con-
centration by inverse gas chromatography, Texp -Tg =l 70°C-1 00°C=70°C.
The xi 2 for PS(80,000) was determined at 185°C. The value of 0.68
is in excellent agreement with the interaction parameter calculated by
vapor sorption and extrapolated to zero solvent concentration. This is
illustrated in Figure 28. The same argument can be made for the com-
parison of these two values as for the decal in/PS(l 7,500) system.
The interaction for the decal in/PoCl S( 1 00,000) xi 3 » was determined
for 170°C, 180°C, 190°C and 200°C. The results are presented in Table
6.
Due to the higher molar mass of PoCIS in comparison to the PS
used, a greater temperature range could be investigated. The calcu-
lated xi 3 shows a definite temperature dependence. A linear least
squares analysis yields:
X13 = 3.52 x 10 3/T°K - 6.56.
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The temperature range was not sufficiently large to determine gM or
g 0
, 4 from equation 1.11. The value for xl3 at 170°C was not included
in this analysis because it is not sufficiently above T
g
to ensure that
it is an equilibrium measurement [36],
Polymer-pol ymer-solvent system
. The extension of the gas chroma-
tographic technique to the analysis of a binary stationary phase is
based on the Scott-Tompa ternary-solution treatment of the Flory-
Huggins theory. Equation 1.26, in the limit as the solvent fraction
approaches zero is given by
In a! = In
<t»] + (1 - n /r 2 ) <j> 2 + (1 - n/r 3 ) <j> 3 + X l 2*2 +
XI 3*3 - X23*2*3 3.12
Based on equation 3.12, xi(23)> defined as the interaction between the
probe and the mixed column, is calculated using equation 1.31. From
this, the polymer-polymer interaction is determined from eqution 1.32,
repeated here for clarity.
XI (23)
=
X] 2*2 + XI 3*3 " X23*2*3 i- 32
The value of X23 was determined for the PS(1 7, 500)/PoCl S(l 00,000)
system for a 50/50 blend. The results for xi (23) ar, d X23 are snown in
Table 7.
By examining equation 1.32 and columns 2, 3, and 4 in Table 7, it
is easily seen that the value of x23 1S tne result of subtracting two
quantities of nearly equal magnitudes. That is, xi (23)-xi 2*2+xl 3*3-
This leads to a very large amounts of scatter in the X23 results.
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Table 7. Polymer-Polymer Interaction Parameters Determined by
Inverse Gase Chromatography
T°C XI (23) XI 2 XI 3 X23
180 1 .03 0.74 1.21 -0.30
190 0.89 0.74 1 .04 -0.05
200 0.74 0.74 0.88 +0.21
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It can be argued theoretically that the X23 values expected for
the polystyrene/poly(o-chlorostyrene) are expected to be small but
positive. Negative values for the polymer-polymer interaction are not
consistent with the other experimental data. If the value for the
polymer-polymer interaction were negative, the temperature dependence
of x would be illustrated by Figure 37. Figure 37 represents a system
which is completely miscible between temperatures T] and T 2 . Since
X is independent of molecular weight (see Chapter I) no PS/PoCIS
system, regardless of the molecular weight, would phase separate above
T] and below T2 where Ti<180°C<T 2 . We have already shown that this is
not the case for the PS( 80,000)/PoCl S system. Ryan's [1] results are
also inconsistent with a negtive value of x?3«
Due to the large scatterin in the x 2 3 data, the very sensitive
nature of equation 1.32, and the fact that negative values for x 2 3 are
unrealistic, the results for the blends using the gas chromatography
are not considered reliable. A common critism of mutual solvent
techniques in general, is that it is necessary to "subtract out" the
solvent effect and the validity of this approach is questionable.
Olabisi [34] has determined xi 3 for a poly(e-caprol actone)-poly(vi nyl
chloride) polymer blend using several different solvents. The values
for X23 ranged from -0.40 to +1.16. Although this sheds doubts on ter-
nary solution methods, it must not be forgotten that the only other
alternative for determining polymer-polymer interactions is to investi-
gate low molecular weight analogues. The absolute quantities determined
may not be accurate, but we can still gain a great deal of qualitative
Fig. 37. Hypothetical Temperature Dependence of a Negative x
100
information about interactions in polymer blends. This will add to our
overall knowledge of the thermodynamics governing polymer blends.
Equation of State Thpnry
The failures of the Fl ory-Huggi ns Theory can be summarized as
1) x varies with composition, 2) x often does not vary with 1/T as ori-
ginally proposed, 3) no lower critical solution temperature is pre-
dicted if x shows temperature dependence as 1/T, and 4) no equation of
state is given by the lattice treatment. The empirical modifications
of the Flory-Huggins theory improve the situation considerably, but
they offer no insight into the mixing phenomenon on a molecular level.
For this reason, we have re-evaluated the experimental data on the
basis of the equation of state theory originally proposed by Prigogine
[17] and modified by Flory [14,67,88,89] and McMaster [18].
The equation of state theory considers the role of free volume in
polymer solution thermodynamics. During the mixing process, the free
volume of each component is changed. An intermediate value for the
free volume is approached which is characteristic of the mixture. The
difference in free volume is particularly significant when the mixture
consists of a polymer and a solvent. Polymers typically have very low
degrees of thermal expansion and free volume compared to solvents.
This is reflected in different equation of state properties. The dif-
ference in free volume between polymers and solvents is independent of
any chemical difference between the two components.
As a result of the change in free volume, there is an overall
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change in the total volume of mixing aVm . There is a free volume
contribution to the enthalpy of mixing AHM , the entropy of mixing
ASM and therefore also to the free energy of mixing AGM . In general
there will be a decrease in the overall volume resulting in a negative
contribution to both the enthalpy and entropy of mixing. That is
AHM ,f. v . < 0 3J3
and
ASM,f.v. < 0 3#14
The total free volume contribution is predicted to be positive [97],
AHM,f.v. " TASM,f. v . > 0 3.15
This has an unfavorable effect on mixing. This contribution becomes
more significant with increasing temperature. The equation of state
theory is thus able to predict phase separation as the temperature
increases, LCST. The UCST is a result of a positive AHM arising from
the breaking of like contacts and the forming of unlike contacts. This
effect decreases with increasing temperature.
Polymer-solvent systems . As described in Chapter II, the polymer-
solvent exchange parameters X]?, X] 3 were calculated from the inverse
gas chromatography data using equations 2.17 and 2.18. The results are
shown in Table 8. In the third column of Table 8, x* represents the
non-combinatorial contribution to the chemical potential. In Flory's
[67] notation this is called the reduced residual chemical potential.
The reduced residual chemical potential includes an interactional
e 8. Polymer-Solvent Exchange Energy Parameter Determined byInverse Gas Chromatography
Polymer T,°C X* X12> *13
cal /cm 3
PS(17,500) I/O 0.97 5.4
175 0.97 5.7
1 80 0.97 5.6
185 0.98 5.6
PS(80,000) 185 0.94 5.2
PoClS(100,000) 170 1 .74 13.1 3
180 1.54 11.63
190 1.50 11.25
200 1 .18 8.24
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energy contribution plus a free volume or equation of state
contribution. If the total chemical potential for a binary system is
expressed as the sum of its combinatorial and residual parts,
Amt/RT = In + (1 - n /r 2 ) i> 2 + [X*/RT * 22 ] ^ 3.16
then the relation between the reduced residual chemical potential x*
and the Fl ory-Huggins interaction parameter x , is
X x*/RT * 22 3. 1 7
The values of X] 2 and X] 3 presented in Table 8 were used in
equation 1.25 to calculate the solid curves in Figures 38 and 39. The
value for Q12 and Qi 3 is zero. The experimental points were determined
from vapor sorption measurements using equation 1.9 where the volume
fractions ^ are replaced with segment fractions i|><j. Volume fractions
are dependent on temperature and pressure. Segment fractions are inde-
pendent of both of these variables. Patterson [90] discusses why it is
desirable to use T and P independent concentration variables. For both
the decalin/PS system and the decal in/PoCl S system the curve calculated
from the equation of state theory lies above the experimental points.
A better fit of the experimental data could be achieved by assuming
positive values for Q] 2 and Q-| 3 , the entropy exchange parameters. A
positive value of Q-jj has been assigned by Flory for mixtures of
polystyrene and cyclohexane [91], for mixtures of polyisobutylene and
n-pentane [20c], and for mixtures of n-alkanes [92]. A negative value
has been assigned to Q,- for polystyrene-methylethyl keton mixtures
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[68], polystyrene-ethyl benzene mixtures [93], and for polyi sobutyl ene-
benzene mixtures [67]. In all cases, the value of was chosen
empirically in order to achieve a better fit between the data and the
theory. Flory [91] proposes that its origin may be a result of inac-
curacies in the theoretical combinatory entropy or inaccuracies within
the theory in its estimate of the equation of state entropy. Another
explanation of the source of Qi] is that it may arise from interactions
between neighboring molecules exchanged upon mixing. Since at this
time the actual meaning of Q-j j is vague, it will be assumed equal to
zero. Thus, the temptation to describe the experimental data by adding
adjustable parameters to the theory is avoided.
There is more of a discrepancy between the experimental points and
the theory for the decal in/poly(o-chl orostyrene) system than for the
decal in/polystyrene system. It must be remembered that the values used
to determine the equation of state properties for poly (o-chl orostyrene)
were estimated. Perhaps the actual values for the thermal expansion
coefficient and the pressure coefficient would result in closer
agreement between experiment and theory.
As illustrated by Figures 38 and 39, the reduced residual chemical
potential x*> exhibits a strong dependence on concentration, particularly
at high polymer concentrations. The concentration dependence is not
described well by the theory. This discrepancy between the calculated
and observed concentration dependence of the reduced residual chemical
potential has been observed by others. Eichinger and Flory [67]
observed it for polyi sobutylene and benzene solutions, and Hocker et
al. [91] observed it for polystyrene-cycl ohexane mixtures.
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One possible explanation for the poor fit between experiment and
theory in the very concentrated polymer range is that in this region
the system is a glass. As discussed ealier, the vapor sorption studies
were conducted at 80°C. This is below the glass transition of both
polystyrene and poly (o-chl orostyrene)
. In the region where the con-
centration dependence of x is not predicted by theory, the polymer
is still above its T
g
. This is because the polymer has not absorbed
enough solvent to have a T
g
below 80°C. Hence, the inability of the
theory in this region may simply be due to the fact that the system is
glassy and the theory is not intended to describe the mixing behavior
of glasses.
The dependence of x* on concentration could be increased by
decreasing the value of s 2/ Sl and s 3/s-| . These are the segment surface
ratios for the two systems. The equation of state contribution to x*
is insensitive to this ratio. However, the ratios (e 2/i|, 2 )2 and
( e 3/^3) 2 where 9 2 and 63 are the surface fractions of components 2 and
3, respectively, do depend quite heavily on the segment surface ratio,
as illustrated by equation 3.18
lim (6 2/^ 2 ) 2 = ( s 2/ s l ) 2 3.18
In the limit as ij> 2 approaches 1, the ratio (0 2/> 2 ) also approaches
unity. The ratio (8 2/> 2 ) 2 multiplies X] 2 as shown by equation 1.25.
The value of s 2/s] necessary for a more accurate fit of the con-
centration dependence of xi2* is °* 2 * lt is interesting that the value
of S3/S1 necessary for a more accurate fit of the concentration depen-
dence of xi 3* is also 0.2. However, 0.2 for the polymer to monomer
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segment surface ratio is without any physical meaning. Although this
parameter has been arbitrarily varied in the literature [34], the Intro-
duciton of s 2/S! or s 3/si as an arbitrary parameter has been rejected
here. It is the purpose of this dissertation to gain an understanding
of the mixing phenomenon between polystyrene and poly(o-chlorostyrene)
and not to merely fit experimental data with empirically determined
parameters. It is for this same reason that the generalized
Flory-Huggins theory was not considered completely satisfactory.
Although the experimental data could be fit empirically by the intro-
duction of a concentration dependent x via equation 1.11, no insight
concerning the molecular phenomena was gained.
Most of the experiments in this dissertration deal with polymer-
solvent or polymer-polymer-solvent systems. Our real interest,
however, lies in the polymer-polymer system. The addition of the
solvent was merely a means to an end. Adding the solvent enabled us to
investigate the difference in the interaction of the solvent with each
of the homopolymers compared to the polymer blend, thus leading to
information concerning the polymer blend. The next section will
discuss the polymer-polymer system in terms of the equation of state
theory.
Polymer-polymer systems . The objectives of this section of the disser-
tation are to determine whether or not the experimental data together
with the equation of state theory is capable of explaining the mixing
behavior of polystyrene-poly (o-chl orostyrene) . As stated in Chapter I,
the work of Ryan [1] revealed that the mixing behavior of the system
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is very sensitive to molecular weight changes in polystyrene. The
effect of changing the molecular weight of poly(o-chl orostyrene) was
not investigated. Blends with the molecular weight of PS greater than
32,400 were found to phase separate. Blends with the molecular weight
of PS less than 26,700 were compatible throughout the composition
range, for all temperatures. This, together with the fact that the
blends exhibit a small positive heat of mixing caused Ryan to hypothe-
size that the higher molecular weight blends have an hour-glass shaped
phase diagram and the lower molecular weight systems have an upper
critical solution temperature and a lower critical solution temperature
too low and too high, respectively, to be observed experimentally.
In order to evaluate the experimental data with the equation of
state theory, spinodal curves for polystyrene-poly(o-chlorostyrene)
were simulated. The calculation of spinodals requires, in addition to
the characteristic parameters, the surface segment ratio S2/S3, and the
exchange energy parameter X23. Here, as with the polymer-solvent
systems, the empirical entropy parameter Q23 was assumed equal to zero.
The surface segment ratio, calculated by Flory's method and by
Bondi's method, is equal to unity (see Chapter II for details). This
is consistent with the experimental data. As Tables 4 and 5
illustrate, X23 does not exhibit the concentration dependence that was
so evident in the polymer-solvent systems, Figures 38 and 39. The
effect of changing S2/S3 has been demonstrated by 01 abi si [34]. In
addition to either increasing or decreasing the concentration depen-
dence of the chemical potential as discussed in the previous section,
S2/S3 effects the shape of the binodal and spinodal curves. A blend
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system which exhibits a miscibility gap in the region of the phase
diagram which is rich in the higher molecular weight polymer is said to
have a binodal with irregular asymmetry. Olabisi was able to predict
irregular asymmetric as well as bimodal binodals by varying the value
of s 2/s 3 . It should be noted that ten Brinke [62] was also able to
predict binodals possessing irregular assymetry without using s 2/s 3 as
an adjustable parameter. However, it is clear that the surface segment
ratio does play an important role in determining the compatibility of
polymer blends.
The exchange energy parameter X23, is expected to be positive for
a non-polar system [93]. Based on the chemical similarities of the two
components, one would also expect that the value of X23 would be very
small. The small positive value for the enthalpy of mixing determined
by Ryan indicates that a very small but positive value for X23 is
appropriate for this system. This is further supported by the small
positive values calculated for X 23- Wl'th these facts in mind, spinodal
curves were calculated for various values of X23.
The simulated spinodal s for polystyrene of various molecular
weights, blended with poly(o-chlorostyrene) (100,000) with X23=0.011,
Q23=0, and S2/S3=l are shown in Figure 40. The spinodal s are located
in the polystyrene-rich region of the phase diagram. This is to be
expected since the polystryene is the lower molecular weight component.
As Figure 40 illustrates, the blends with polystyrene of molecular
weight 32,000 or greater have an hour-glass shaped spinodal. When the
molecular wieght of the polystyrene is dropped by only 2,000, the blend
is now miscible for all compositions between approximately 465°K and
Fig. 40. Simulated Spinodals PS/PoCIS, X 2 3=0.
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530°K. A further reduction of 1,000 to PS(29,000) results in an UCST
at 380°K and a LCST at 620°K. The LCST is now above the degradation
temperature of the two polymers [94] and therefore cannot be determined
experimentally. The UCST is close to the Tg of polystyrene and well
below the Tg of poly(o-chlorostyrene)
. Therefore, the molecular
motion of the two polymers would be severely restricted at this tem-
perature and it is doubtful whether phase separation could take place,
even though this would be the equilibrium state for the blend [95].
Figure 40 demonstrates that under the right circumstances the equation
of state theory is capable of predicting the type of mixing behavior
that has been proposed for the polystyrene-poly(o-chl orostyrene)
system.
The situation is more clearly illustrated in Figure 41. This
shows the temperature dependence of x * for the polystyrene/poly(o-
chlorostyrene) blend with X2 3=0.011. This is equivalent to curve 3 in
Figure 3. x* is independent of molecular weight, assuming that the
equation of state parameters are independent of molecular weight. This
is considered a reasonable assumption for the molecular weight range
under consideration here. Therefore, Figure 41 represents the x* vs. T
curve for all polystyrene/poly (o-chl orostyrene) blends when X23=0.011.
The critical value of x* is very dependent on molecular weight as shown
by equation 3.7. The horizontal lines in Figure 41 represent the cri-
tical value of x* f° r polystyrene having the indicated molecular
weight. The first intersection of a horizontal line with the curve
represents the UCST for that molecular weight system. The second
intersection represents the LCST. When the molecular weight of
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Fig. 41. Temperature Dependence of X23*> x23=0 - 01
1
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polystyrene is 32,000, the LCST and UCST merge at about 490°K. The
point at which the LCST and UCST merge is called the critical double
point. For any system with the molecular weight of polystyrene greater
than 32,000, there is no UCST or LCST; the blend is immiscible. It is
easy to see that the flatness of the x * vs. T curve in the vicinity of
the critical double point is responsible for the large temperature
change in the critical temperatures with very small changes in molecu-
lar weight.
Changing the value of X23 slighlty, greatly influences the posi-
tion of the x* vs. T curve. The critical values of x *, however, are
unaffected. This results in large changes in the UCST and LCST for a
particular moleuclar weight blend. As an example, if X2 3=0.0115 rather
than 0.011, the molecular weight of polystyrene for which the UCST and
LCST of the blend merges is 30,000. When polystyrene is 29,000, the
UCST is about 420°K and the LCST is about 570°K as compared to 380°K
and 620°K when X2 3=0.011.
The enthalpy of mixing AH^ is given by equation 1.22. aHm is a
function of both temperature and composition. When X23=0.011 the pre-
dicted values of AH^ in calories/segment are shown in Figure 42. The
predicted values of AH^ are extremely small. AH^ is predicted to be
positive for all temperatures below the temperature of the critical
double point. That is, AH^>0 for all T<490°K. AH^ is predicted to be
negative for all temperatures above 490°K. Prigogine and Defay [96]
have shown that
ff^l] > o at a LCST 3.19
3</
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Fig. 42. Enthalpy of Mixing, X2 3=0. 01
1
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and
,3 2AHM .(—jrJ < 0 at an UCST 3>20
this is derived from the concentration dependence of the phase separa
tion temperature. From Figure 2 it can be seen that
3T
and
(3^ < 0 near a LCST 3i21
3T
i^zr) > 0 near an UCST 3.223^2
where denotes the equilibrium phase which is less concentrated in
component 2, i.e. the left hand branch of the binodal. Therefore,
unless the concentration dependence of AHM at a LCST is characterized
by a curve 1 in Figure 43, i.e., exhibits an inflection point, it must
be negative as shown by curve 2. The same case may be made for AHM at
an UCST. aHjvj must be positive at an UCST as shown by curve 4 unless
the concentration dependence of AH^ is described by curve 3. If curves
2 and 4 characterize the concentration dependence at the LCST and UCST,
respectively, then, since aH^ does not depend on molecular weight, AH^
must be positive for all temperatures below the critical double point
and negative for all temperatures above this point, regardless of the
molecular weight of the system. It should be stressed that the sign of
aHjvj by itself does not indicate whether or not the system is compatible
The excess volume of mixing, defined as
V E
= v
~
vo
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where v0 is the additive volume:
"* M M
v0 = ^vi + ^ 2v 2 . 3 ^ 24
The excess volume of mixing is dependent on the equation of state
parameters and the exchange energy parameter as illustrated by
equations 1.17, 1.18, and 2.13. At 350°K with X23=0.011, the excess
volume of mixing for polystyrene/poly (o-chl orostyrene) blends is
negative. This is shown in Figure 44. There is no experimental data
to confirm or refute this prediction. However, a negative excess
volume of mixing has been found for many polymer blends and is quite
reasonable for this system.
It must be reemphasized that all the predictions of the equation
of state theory presented for the polystyrene/poly(o-chl orostyrene)
blends have been based on estimated equation of state parameters for
poly(o-chl orostyrene)
.
These predictions are intended to give a quali-
tative picture of the mixing behavior of the polymer blend. The num-
bers are significant only in terms of their relative magnitudes and
signs. The above discussion is not meant to be a quantitative one.
In synopsis, the following statements can be made regarding
polymer-polymer systems. The equation of state theory considers three
contributions to the free energy of mixing: a combinatorial entropy
contribution, identical to the combinatorial entropy considered in the
Fl ory-Huggi ns theory; an interactional enery contribution, also con-
sidered in the Flory-Huggins theory and characterized by either X23 or
X23; and an equation of state or free volume contribution which is not
Fig. 44. Excess Volume, X23=0.011
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accounted for in the Fl ory-Huggins theory. The free volume contribu-
tion has an enthalpic as well as an entropic component. The equation
for the free energy of mixing may now be written as
AGM = AHint - TAScom5 + AHf #v> - TASf. v . 3.22
At low temperatures the free volume contribution is negligible and
equation 3.22 is similar to the Fl ory-Huggins expression for the free
energy of mixing. It is for this reason that the Fl ory-Huggi ns theory
adequately describes the UCST phenomena.
For infinite molecular weight polymers the TAScomb term is negli-
gible and the free energy of mixing at low temperatures can be approxi
mated by AHj nt . Therefore, with very high molecular weight polymers,
it is necessary to have some sort of specific interaction between the
two polymers in order to achieve compatibility. In other words, a
negative AHi nt (X23<0) is necessary. Furthermore, if the AH^ curve
does not have an inflection point, an UCST is not possible for a
polymer pair with a specific interaction. For non-polar polymers,
where AH-j nt >0, if compatibility is to be achieved, the polymers must
have low enough molecular weights such that the combinatorial entropy
term is significant. This is the situation for the low molecular
weight blend in this study and for the compatible blends studied by
Ryan. The magnitude of AH-j
n ^
is strongly temperature dependent, it
decreases with increasing temperature. As the temperature increases,
the free volume contribution can no longer be ignored and the impor-
tance of the combinatorial entropy contribution increases. The free
volume contribution is usually unfavorable to mixing. The three
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contributions to free energy of mixing contribute differently at dif-
ferent temperatures. It must be remembered however, that a negative
free energy of mixing is necessary for compatibility, but it is not
sufficient. The second derivative must be positive as well.
The relative importance of the three contributions to the AGM is
dependent on the specific system under investigation. For the
polystyrene/poly(o-chlorostyrene) system it has been shown that
although the interactional enthalpy term is positive, i.e., unfavorable
to mixing, it is extremely small. Therefore, the combinatorial entropy
and the equation of state contributions dominate the free energy of
mixing. The free volume difference between the two polymers is suf-
ficiently large that the equation of state contribution becomes signi-
ficant above approximately 500°K. However, the combinatorial entropy
for blends where the molecular weight of the polystyrene is below
32,000 is favorable enough to result in a miscible blend. As the mole-
cular weight of the polystyrene increases the relative importance of
the combinatorial entropy decreases and the interactional enthalpy term
causes phase separation at low temperatures and the free volume contri-
bution causes phase separation at higher temperatures.
The miscibility or immiscibility of polystyrene/poly-(o-chl oro-
styrene) blends is a result of an extremely delicate balance of the
three contributions to the free energy of mixing. The dominant force
is determined by the molecular weights of the polymers and the tem-
perature of interest.
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Concl usions
Equilibrium vapor sorption measurements and inverse gas chroma-
tography have been used to determine polymer-solvent interactions for
decalin with PS(17,500), PS(80,000), and PoCl S(l 00,000) . Agreement
between the two methods is good. The Fl ory-Huggi ns interaction
parameter for all three systems is very concentration dependent,
especially in the concentrated polymer region, where the polylmer is
unplasticized and below T
g
. An empirical fit of the concentration
dependence for the three plasticized systems is expressed below
X12(PS 1 7,500) = -1 -00 <{>! + 0.797
X12(PS 80,000) = -0.565 ?1 + 0.688
X13(PoClS) = -1 .42 <|>i + 1.144
The Flory-Huggins polymer-polymer interaction for the
PS(1 7,500)/PoClS(100,000) and PS(80,000)/PoCl S(l 00,000) blends shows no
concentration dependence. X23 1S sma ll but positive. There is no
significant difference between X 23 calculated for the two systems.
The equation of state theory was also used to interpret the
experimental results. The energy exchange parameters for the polymer-
solvent systems were calculated directly from the inverse gas chroma-
tography experiments. The average values for the PS/C] qH-j 3 and
PoCl S/C] qH] 3 systems are
X] 2 = 5.6 cal /cm3
X] 3 = 10.4 cal/cm 3
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The segment surface ratios s 2/ Sl and s3/ S1 is 0.5 for both systems.
The empirical exchange entropy parameters Q12 and Q13 were assumed
equal to zero. The agreement between the experimental values and the
theory was not very good for the polymer-solvent sytems, especially in
the concentrated polymer regions.
The equation of state theory is capbable of predicting the phase
behavior of the polymer-polymer system. Experimental evidence indicates
that X23 should be small but positive. With X23=0.011, s 2/s 3 =l .0 and
Q23=0, the theory predicts that polystyrene/poly (o-chl orostyrene) will
have a double critical point at about 490°K. For a blend system with
the molecular weight of polystyrene equal to or greater than 32,000, the
phase diagram will have an hour-glass shape. If the molecular weight of
polystyrene is less than 32,000, the blend will have both a LCST and an
UCST. The difference between the two critical points increases rapidly
as the molecular weight of the polystyrene decreases. Analysis using
the equation of state theory shows that since the interactional energy
term is so small, the combinatorial entropy term plays a major role in
determining the phase diagram for the system.
Suggestions for Future Work
As previously stated, the values used to interpret the equation of
state theory were based on estimated values for poly(o-chlorostyrene)
.
It would be extremely helpful if the actual equation of state parameters
for poly(o-chlorostyrene) and the specific batch of polystyrene used in
this study were determined. In addition, excess volume of mixing
studies would be interesting. This would permit the determination of
a Qij term. The excess volume depends on Xij but not Qjj. The
Xij calculated from the inverse gas chromatography studies could then
be considered an "effective" exchange energy paramter Xi j'-Xij-TviQn.
Although the origin of the Q-j j term would still be ambiguous, the value
would no longer be the result of an empirical fit of the data. As far
as this author knows, these two experiments have not been conducted on
the same system before.
It is also suggested that any future studies be conducted with a
different solvent. Decalin is a very high boiling solvent. It was
therefore necessary to perform the vapor sorption studies at an ele-
vated temperature in order to get sufficiently high vapor pressures to
permit the sorption of vapors into the polymers. Temperature control
proved difficult. Use of a lower boiling point solvent would probably
greatly reduce the error in these measurements.
Finally, it is suggested that a systematic study be undertaken to
determine the molecular weight of polystyrene and poly(o-chlorostyrene)
necessary for the experimental detection of both a lower critcal solu-
tion temperature and an upper critical solution temperature.
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APPENDIX A
Error Analysis
The interaction parameters calculated in this dissertation are the
result of several independent, experimentally determined values. In
order to determine the uncertainty in the interaction parameters, the
propagation of random errors has been calculated. If a parameter F is
def i ned
F = f(x,y,z) A j
then the error in F, t(F) is equal to
(F) = ({{£)2 [e(x)]2 + (JI)2 Ce(y)]2 +
y
A.
2
The Flory-Huggin's polymer-solvent parameter is calculated from
equations 1.9 and 1.27. The error in <j>] is estimated to be ±0.03 mg/mg.
The error in p is ±0.01. However, the error in p° is ±1.00. This is
because a very small temperature fluctuation drastically effects the
value of p°. When these values are substituted into equation A. 2 using
typical values for <j>] , p, and p° , the error in xi2 anc' XI 3 1S ±0.03.
This represents about a 6% error.
The Flory-Huggin's polymer-polymer parameter is calculated from
equation 1.26. Equation A. 2 cannot be applied in this situation because
the variables are not independent. An error in ^ will be reflected
in the values of X 12 and XI 3- A 2% error in <M wil1 result in a ]2%
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error in X23 . This is not considering the error introduced from the
calculation of X12 and X13 or the largest error which is introduced from
the temperature fluctuation and its effect on p°. It is easy to see
that an error of 50% in the X2 3 value can be expected.
As discussed previously, due to the asymmetric nature of the
inverse gas chromatogram, the retention volume can be defined in several
ways. The retention volume was determined four different ways. The
average of these values was used to calculated Xij and X^. The error
is considered bound by the high and low values for Vg°. For the
polystyrene systems, the peaks were not very skewed and the error in
X12 is ±4%, the error in X] 2 is 5.5%. The peaks were very skewed for
the poly(o-chlorostyrene) system. The error in xl3 is ±25% and for
X]3 is 27%. This is a huge overstatement of the error. It is believed
that the estimated error is so large because there is a very long tail
on the peak. The actual error is not considered to be more than 10%.
APPENDIX B
Data Tabulation
Table 9 list the equilibrium vapor sorption data for all the
polymers studied. Column 4 in Table 9 represents the Flory-Huggins
polymer-solvent or polymer-polymer interaction.
Table 10 list the retention volume data for all polymers studied.
vg,M°> vg,T°> vg,A°> and Vg )U
° are defined in Chapter II, in the Data
Reduction section. The retention volumes corresponing to zero flow rate
are the result of a least squares analysis on the data.
Table 11 lists the polymer-solvent interactions calculted from
inverse gas chromatography. As discussed in Chapter 2, the interaction
parameters were calculated from the average of the extrapolated reten-
tion volumes and the error is considered to be bound by the lowest and
highest values. These are represented in the last four columns of
Table 11.
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e 9. Equilibrium Vapor Sorption for all Polymers Studied
System
ai
mg decalin
mg polymer x ij
.55
PS(17,500)
.698
.249
•738
.273
.50
.809
.41 2
.48
.810 .408
.49
• 841 .614
.31
PS(80,000)
.397 .01 3 2.29
.493 .063 1.14
.588 .168 .57
.675 .227 .55
.737 .263 .59
.768 .314 .55
.809 .395 .50
.810 .413 .47
PoClS(100,000) .262 .008 2.17
.449 .019 1.93
.493 .023 1.86
.631 .048 1 .52
.675 .058 1.44
.737 .1 10 1 .08
.768 .1 62 .88
Table 9, continued
System a i mg decalin
mg polymer
.774
.1 79
.809
.206
.824
.267
PS(1 7,500/PoClS(l 00,000)
25/75 .698
.1 46
.738 .1 48
.809 .1 61
.848 .231
50/50 .698 .200
.738 .220
.809 .335
.848 .504
75/25 .698 .233
.738 .260
.809 .401
.848 .589
PS(80,000)/PoClS(100,000)
25/75 .675 .1 32
.737 .180
.768 .21 7
.774 .220
Table 9, continued
System a -. mg decalin
mg polymer x ij
.809
.270
.1 0
• 810 .285
.16
•824
.285
.03
5°/50
.675 .1 79
.1 6
.737 .211
-.04
.768 .250 .02
.774 .223 -.26
.809 .31 4 .05
.810 .316 .04
.824 .339 .03
75/25 .824 .382 .02
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Table 10. Retention Volume Data for all Polymers Studied
Flow Rate
System T xlO 2 Vn M° Vn T° \l a° \i O
PS(1 7,500) 1 70 3.071 23.64 21 .10 32.75 38.99
2.063 25.90 23.92 33.53 39.26
1 .363 30.95 29.29 35.07 37.91
0 35.78 34.85 35.92 37.49
175 3.180 25.20 23.61 29.33 31 .82
1 .350 28.68 27.51 31 .18 32.79
nU Ol .£0 32. 54 33.51
180 3.465 23.03 21 .95 26.48 28.47
1 .626 25.74 24.69 27.74 29.04
nu
op 10 97 19CI . 1 C 9Q P>£CO • OD 9Q R £
185 2.882 21 .52 20.54 23.50 24.73
*
1.182 23.74 22.51 24.36 24.85
0 25.28 23.88 24.96 24.94
PS(80,000) 185 1.142 20.04 18.89 23.55 25.71
0.887 21 .08 19.74 24.18 26.43
0 24.70 22.70 26.37 28.94
PoCl S(l 00,000) 170 2.509 5.62 4.33 13.29 19.56
1 .430 6.55 5.37 12.67 17.72
0.682 9.72 8.71 15.47 20.73
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Table 10, continued
System
Flow Rate
T
1
°C
X 1
cm 3 /sec
V9,M° V9,T° V9,A° V9,u°
0.674 9.32 7.84 14.49 18.31
0 10.71 9.50 15.30 19.16
180 2.852 5.27 4.38 9.73 13.83
1 .645 6.50 5.56 10.75 15.26
0.725 9.42 8.14 13.60 17.68
0.716 8.63 7.35 13.00 17.49
0 10.14 8.75 14.33 18.74
190 3.281 5.24 4.31 8.94 12.83
1 .793 6.78 5.89 10.32 13.25
1 .325 7.36 6.68 11.94 17.14
0.775 7.46 6.42 11.10 14.00
0 8.40 7.51 12.43
1 A A *"».14.43
200 1 .306 8.10
-7 O O7.38 1 2.01 1 C C 115.5/
0.920 8.98
O "If"
8.1 5 1 1 ,79 1 3.0 J
0.627 9.72 8.85 to /in12.49 1/1 A Q
0 11 .20 10.18 12.70 12.88
180 1 .777 6.90 5.65 14.80 22.14
1 .706 7.20 5.84 16.53 27.36
1.220 8.81 7.51 16.60 21.90
0 14.59 13.12 22.90 25.81
PS(1 7,500)/
PoClS(100,000)
50/50
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Table 10, continued
Flow Rate
System T
°C
xlO2
cm 3 /sec
Vn T° vg,A V
0
l on
1 .603 9.83 8.32 16.46 21 .40
1 . 1 lb 1 0.1 4 9.01 16.92 21 .73
U. 7 7
5
IT r\r\
1 1 .90 10.30 16.81 19.62
0 13.43 11.94 17.27 18.60
200 1.352 10.56 9.15 14.09 16.26
0.910 11.85 10.74 15.12 17.11
0.588 12.90 12.08 16.49 18.65
0 14.68 14.28 18.17 20.23
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Table 11. Polymer-Solvent Interactions from Inverse Gas Chromatogr aphy
V average V low V High
System T
°C
Xii
cal/cm 3
Xij X ij Xij X ij
PS(1 7,500) 170
.75 5.43
.77 5.71 .73 5.10
175
.73 5.70 .77 6.11 .68 5.28
180
.72 5.55 .78 5.95 .69 5.22
185 .74 5.62 .78 5.94 .71 5.44
PS(80 000) 1 85
• uo 3 • C D O . o 1 C 7.5/ 4.22
PoClS(100,000) 170 1.40 13.33 1 .83 16.39 1 .13 10.47
180 1.18 11 .63 1 .64 15.04 .88 8.47
190 1.12 11.25 1 .54 14.37 .89 8.61
200 .85 8.24 1 .00 9.66 .77 7.54

